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Abstract 
 
Near work may play an important role in the development of myopia in the 
younger population. The prevalence of myopia has also been found to be 
higher in occupations that involve substantial near work tasks, for example 
in microscopists and textile workers. When nearwork is performed, it 
typically involves accommodation, convergence and downward gaze. A 
number of previous studies have examined the effects of accommodation 
and convergence on changes in the optics and biometrics of the eye in 
primary gaze. However, little is known about the influence of 
accommodation on the eye in downward gaze. This thesis is primarily 
concerned with investigating the changes in the eye during near work in 
downward gaze under natural viewing conditions.  
To measure wavefront aberrations in downward gaze under natural viewing 
conditions, we modified a commercial Shack-Hartmann wavefront sensor 
by adding a relay lens system to allow on-axis ocular aberration 
measurements in primary gaze and downward gaze, with binocular fixation. 
Measurements with the modified wavefront sensor in primary and 
downward gaze were validated against a conventional aberrometer using 
both a model eye and in 9 human subjects. 
We then conducted an experiment to investigate changes in ocular 
aberrations associated with accommodation in downward gaze over 10 
mins in groups of both myopes (n = 14) and emmetropes (n =12) using the 
modified Shack-Hartmann wavefront sensor. During the distance 
accommodation task, small but significant changes in refractive power 
(myopic shift) and higher order aberrations were observed in downward 
gaze compared to primary gaze. Accommodation caused greater changes 
in higher order aberrations (in particular coma and spherical aberration) in 
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downward gaze than primary gaze, and there was evidence that the 
changes in certain aberrations with accommodation over time were different 
in downward gaze compared to primary gaze. There were no obvious 
systematic differences in higher order aberrations between refractive error 
groups during accommodation or downward gaze for fixed pupils. However, 
myopes exhibited a significantly greater change in higher order aberrations 
(in particular spherical aberration) than emmetropes for natural pupils after 
10 mins of a near task (5 D accommodation) in downward gaze.  
These findings indicated that ocular aberrations change from primary to 
downward gaze, particularly with accommodation. To understand the 
mechanism underlying these changes in greater detail, we then extended 
this work to examine the characteristics of the corneal optics, internal 
optics, anterior biometrics and axial length of the eye during a near task, in 
downward gaze, over 10 mins. Twenty young adult subjects (10 
emmetropes and 10 myopes) participated in this study. To measure corneal 
topography and ocular biometrics in downward gaze, a rotating 
Scheimpflug camera and an optical biometer were inclined on a custom 
built, height and tilt adjustable table. We found that both corneal optics and 
internal optics change with downward gaze, resulting in a myopic shift 
(~0.10 D) in the spherical power of the eye. The changes in corneal optics 
appear to be due to eyelid pressure on the anterior surface of the cornea, 
whereas the changes in the internal optics (an increase in axial length and 
a decrease in anterior chamber depth) may be associated with movement 
of the crystalline lens, under the action of gravity, and the influence of 
altered biomechanical forces from the extraocular muscles on the globe 
with downward gaze. Changes in axial length with accommodation were 
significantly greater in downward gaze than primary gaze (p < 0.05), 
indicating an increased effect of the mechanical forces from the ciliary 
muscle and extraocular muscles. 
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A subsequent study was conducted to investigate the changes in anterior 
biometrics, axial length and choroidal thickness in nine cardinal gaze 
directions under the actions of the extraocular muscles. Ocular biometry 
measurements were obtained from 30 young adults (10 emmetropes, 10 
low myopes and 10 moderate myopes) through a rotating prism with 15° 
deviation, along the foveal axis, using a non-contact optical biometer in 
each of nine different cardinal directions of gaze, over 5 mins. There was a 
significant influence of gaze angle and time on axial length (both p < 0.001), 
with the greatest axial elongation (+18 ± 8 µm) occurring with infero-nasal 
gaze (p < 0.001) and a slight decrease in axial length in superior gaze (−12 
± 17 µm) compared with primary gaze (p < 0.001). There was a significant 
correlation between refractive error (spherical equivalent refraction) and the 
mean change in axial length in the infero-nasal gaze direction (Pearson’s 
R2 = 0.71, p < 0.001).  
To further investigate the relative effect of gravity and extraocular muscle 
force on the axial length, we measured axial length in 15° and 25° 
downward gaze with the biometer inclined on a tilting table that allowed 
gaze shifts to occur with either full head turn but no eye turn (reflects the 
effect of gravity), or full eye turn with no head turn (reflects the effect of 
extraocular muscle forces). We observed a significant axial elongation in 
15° and 25° downward gaze in the full eye turn condition. However, axial 
length did not change significantly in downward gaze over 5 mins (p > 0.05) 
in the full head turn condition. The elongation of the axial length in 
downward gaze appears to be due to the influence of the extraocular 
muscles, since the effect was not present when head turn was used instead 
of eye turn.  
The findings of these experiments collectively show the dynamic 
characteristics of the optics and biometrics of the eye in downward gaze 
during a near task, over time. These were small but significant differences 
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between myopic and emmetropic eyes in both the optical and 
biomechanical changes associated with shifts of gaze direction. These 
differences between myopes and emmetropes could arise as a 
consequence of excessive eye growth associated with myopia. However 
the potentially additive effects of repeated or long lasting near work 
activities employing infero-nasal gaze could also act to promote elongation 
of the eye due to optical and/or biomechanical stimuli. 
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Chapter 1 
1 Aims and scope of the thesis 
1.1 Introduction  
Myopia is one of the major global causes of vision impairment. It causes 
blurred distance vision and the level of blur varies directly with the degree 
of myopia. Optical corrections in the form of spectacles, contact lenses or 
refractive surgery are usually used to provide clear vision to myopic 
subjects. However, subjects with high myopia are at greater risk of several 
vision threatening conditions such as, retinal detachment (Grosvenor and 
Goss 1999; Ripandelli et al. 2004), cataract (Lim et al. 1999; McCarty et al. 
1999; Wong et al. 2001) and glaucoma (Grodum et al. 2001, Mitchell et al. 
1999; Wong et al. 2003). Myopia is the second most common cause of 
blindness or severe vision impairment worldwide (Sorsby 1972, Yap et al. 
1990). The prevalence of myopia has been increasing dramatically in 
certain populations, particularly in Asian countries (Lin et al. 2004, Loman 
et al. 2002; Tay et al. 1992; Woo et al. 2004; Wu et al. 1999). Therefore, 
the prevention of the development and progression of myopia has been 
named as one of the five immediate priorities for the ‘Vision 2020’ initiative 
by the World Health Organization (Pararajasegaram 1999).    
Myopia is thought to have a multifactorial aetiology including both genetic 
and environmental factors. Considering genetic factors, it is well known that 
the prevalence of myopia in children is greater if one or both of their parents 
are myopic (Goss et al. 1988; Mutti et al. 2002; Pacella et al. 1999; Saw et 
al. 2001b; Wu and Edwards 1999). Near work has been considered as an 
environmental risk factor for myopia progression in children and young 
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adults (Hepsen et al. 2001; Ip et al. 2008b; Saw et al. 2002a; Saw et al. 
2001a; Saw et al. 1999), since educational performance, longer time spent 
reading and close working distances have all been found to be associated 
with myopia progression (Ashton 1985; Ip et al. 2008b; Rosner & Belkin 
1987; Saw et al. 2007; Saw et al. 2002b). Ocular changes associated with 
accommodation and convergence have often been suspected to be 
involved in myopia progression (Gwiazda et al. 1993, Gwiazda et al. 2004). 
Although there have been many studies reporting the effect of 
accommodation in primary gaze on the axial length, biometrics and optics 
of the eye, little is known about the changes in these parameters in 
downward gaze (i.e. a typical viewing gaze for many near work such as, 
reading and computer work). The aim of this thesis is to gain a greater 
understanding of the effects of factors associated with near work 
(accommodation, convergence and downward gaze) on the refractive 
status and biometric characteristics of the eye and the influence of myopia 
on these effects in a young population. Therefore, we have performed a 
series of experiments investigating the effect of accommodation on the 
corneal optics, internal optics, ocular biometrics and axial length of the eye 
in downward gaze under natural viewing conditions, over time, for young 
adult myopes and emmetropes.  
1.2 Scope of the thesis 
This thesis contains eight chapters. An overview of each chapter is given 
below: 
Chapter 1 provides an introduction to the background and the intrinsic 
motivation for the research. The main objectives are also provided. 
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Chapter 2 provides a range of hypotheses concerning the mechanism of 
refractive error development associated with optical and biomechanical 
changes of the eye. Specifically, it presents an extensive literature review 
on: (i) myopia and its impact on public health, (ii) risk factors for myopia, (iii) 
near work and myopia, (iv) wavefront aberrations and myopia, (v) 
emmetropization, axial elongation and myopia development. 
Chapter 3 describes the development of a novel technique to measure the 
wavefront aberrations of the eye in downward gaze under natural viewing 
conditions using a modified Shack-Hartmann wavefront sensor. The 
measurements of this modified wavefront sensor were validated against a 
conventional wavefront sensor using both a model eye and human eyes. 
Chapter 4 investigates the changes in refractive power and higher order 
aberrations of the eye in 25° downward gaze, both with and without 
accommodation, over a 10 mins period for fixed pupil diameters in myopes 
and emmetropes using the modified Shack-Hartmann wavefront sensor.   
Chapter 5 presents further findings extending the analysis of the results 
from the first experiment to examine lag of accommodation and higher 
order aberrations changes (in particular spherical aberration) in 25° 
downward gaze with three different levels of accommodation (0.2 D, 2.5 D 
and 5 D) over 10 mins duration for the individual’s natural pupil size, in 
groups of myopes and emmetropes. 
 
Chapter 6 examines the changes in corneal optics, internal optics and 
biometrics of the eye in 25°downward gaze both with and without 
accommodation over 10 mins duration, compared to primary gaze, and 
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their contribution to the refractive power change of the eye in downward 
gaze.  
Chapter 7 examines the mechanical effects of the extraocular muscles on 
anterior biometrics, axial length and choroidal thickness of the eye in the 
nine cardinal gaze directions over 5 mins. In addition, this study 
investigates the relative contribution of gravitational effects and extraocular 
muscle forces on axial elongation in downward gaze. 
Finally, Chapter 8 presents a summary of the research work and discusses 
potential future experiments arising from the research. 
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Chapter 2 
2 Literature review 
2.1 Myopia and its impact on public health  
2.1.1 Definition of myopia 
Myopia is a refractive condition wherein rays of light from a distant object 
focus in front of retina when the accommodation of the eye is at rest 
resulting in blurred distance vision (Figure 2.1). Myopia occurs when the 
eye is too long or the refractive power of the eye is too great, or a 
combination of these two factors (Edwards and Lam 2004). Many previous 
studies have used a spherical equivalent of ≥ – 0.50 D to define the onset 
of myopia (Rosenfield and Gilmartin 1987; Garner et al. 1990; Lam et al. 
1994; Yap et al. 1994; Edwards and Brown 1996). However, other 
researchers have defined myopia as ≥ – 0.75 D (Zadnik et al. 1993). 
Cornea
Crystalline 
Lens
Retina
Focal Point Cornea
Crystalline 
Lens
Retina
Focal Point
A. Emmetropic eye B. Myopic eye
 
Figure 2.1 Refractive errors (A) Emmetropia: parallel rays of light focus on 
the retina when the accommodation is at rest, (B) Myopia: parallel rays of 
light focus in front of the retina when the accommodation is at rest. 
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2.1.2 Classification of myopia 
Over the past century, different classifications of myopia have been 
proposed. Perhaps the simplest classification of myopia is based on the 
magnitude or degree. According to Hine’s classification, myopia of less than 
3 D is low, of 3 D to 6 D is moderate, and of more than 6 D is high (Hine 
1949).  
A further classification of myopia is based on the power of the optical 
components (cornea and crystalline lens) or the axial length of the eye. If 
the power of the cornea or crystalline lens is too high, then the condition is 
refractive (Rosenfield 1998). Myopia associated with a longer axial length is 
known as axial myopia, and is primarily due to elongation of the vitreous 
chamber. 
Curtin (1985) classified some myopia as pathological myopia based on its 
clinical characteristics. Pathological myopia typically occurs at an early 
stage of life, progresses rapidly and is characterized by chorio-retinal 
degeneration.   
Myopia has also been categorized based on the age of onset (McBrien and 
Millodot 1986a; Gilmartin and Bullimore 1991). Myopia that develops 
between the ages of 18 and 25 years is defined as late-onset myopia 
(LOM) and myopia that develops before the age of 18 years is known as 
early-onset myopia (EOM). Myopia with the onset after 40 years is defined 
as late adult-onset myopia. Late adult-onset myopia is relatively uncommon 
and the prevalence of this myopia is lower than that of younger age groups. 
Young adult myopes can also be classified as either progressing or stable 
based on their myopia progression. Longitudinal studies have typically 
defined a progressing myope as someone whose spherical refractive power 
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increases by at least 0.50 D over a 2 year period (O'Neal and Connon 
1987; Kinge et al. 2000; Bullimore et al. 2002).  
2.1.3 Prevalence of myopia 
The prevalence of myopia differs by geographical location (Table 2.1). 
There are several factors such as, ethnicity, occupation, age group, and 
education that may influence myopia prevalence data. Therefore, it is 
difficult to compare myopia prevalence values across studies. However, 
from the previous studies, it is apparent that the prevalence rates of myopia 
is higher in developed East Asian countries such as Singapore, Hong Kong, 
Japan, Taiwan and some areas of China, where as many as 80% of 
children and young adults are myopic (Matsumura and Hirai 1999; Zhao et 
al. 2000; Lin et al. 2001). The prevalence of myopia has been increasing 
over recent years in certain populations (Seet et al. 2001; Lin et al. 2004; 
Vitale et al. 2009; Wang et al. 2009; Lam et al. 1994). 
In East Asian countries, at around the age that children start school, myopia 
often develops. Thus there may be an association between myopia and 
educational demand. By the time young adults go to university (age 15-18 
years), the myopia prevalence reaches 70%-80%. Myopia prevalence in 
Hong Kong school children (age 6-17 years) has been reported as 62% 
(Lam et al. 1999), whereas myopia prevalence in an older age group in 
Hong Kong is surprisingly low (29% for age 40-75 years) (Lam et al. 1994).  
Rose et al. (2008b) compared the prevalence of myopia in two cross-
sectional samples of age (6 and 7 years) and ethnicity matched (Chinese) 
primary school children who participated in either the Sydney Myopia Study 
or the Singapore Cohort Study. The prevalence of myopia in Chinese 
children (3.3%) in Australia was significantly lower than in Singapore 
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(29.1%). The outcome of this study suggests that there is a strong 
association between environmental factors and myopia progression. 
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       Table 2.1: Findings of studies investigating prevalence of myopia in different populations. 
Study/Author 
Study 
population/Location 
Duration 
No. of 
subjects 
Age 
(year) 
Myopia 
definition 
Prevalence 
National Health and Nutrition 
Examination Survey  
Vitale et al. (2008) 
US population 1999-2004 4653 20-39 SE ≥ – 1.00 D 36.2% 
Lin et al. (2004) Taiwanese school children 2000 920 12 SE ≥ – 0.25 D 61% 
Chow et al. (1990) 
Singapore medical 
students 
1990 128 20-22 SE ≥ – 0.50 D 82% 
Lam et al. (1999) Hong Kong school children 1991-1993 142 6-17 SE ≥ – 0.50 D 62% 
Lithander (1999) Oman 1992-1994 6541 12  SE ≥ – 1.00 D 5.16% 
Mavracanas et al. (2000) Greek students 1998 1738 15-18  SE ≥ – 0.25 D 36.8% 
Orinda Longitudinal Study of 
Myopia (Jones et al. 2007) 
USA 2001 514 8-9 SE ≥ – 0.75 D 21.6% 
Jacobsen et al. (2007) Danish male conscripts 2004 4681 8-13 SE ≥ – 0.50 D 
12.8% 
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Study/Author 
Study 
population/Location 
Duration 
No. of 
subjects 
Age 
(year) 
Myopia 
definition 
Prevalence 
 
Sydney Myopia Study  
(Ip et al. 2008a) 
Australian school children 2003-2005 2367 12 SE ≥ – 0.50 D 
Suburban 
region 
(6.9%), 
inner city 
region 
(17.8%)  
He et al. (2004) Urban Chinese children  2002-2003 4364 15 
 
SE ≥ – 0.50 D 73.1% 
Garner et al. (1990) Melanesian children 1986 113 15-16 SE ≥ – 0.50 D 25.6% 
Fledelius (2000) Danish medical students 1996-1998 147 22-41 SE ≥ – 0.50 D 50% 
Naidoo et al. (2003) 
African children in South 
Africa 
2002 326 15 SE ≥ – 0.50 D 9.6% 
Rosner and Belkin (1991) Israel 1984 312,149 17-19 SE ≥ – 0.25 D 16.27% 
Murthy et al. (2002) India 2002 6447 5-15 SE ≥ – 0.50 D 7.4% 
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2.1.4 Adverse effects of myopia 
Although the optical effects of myopia can be corrected with spectacles, 
contact lenses or refractive surgery, the presence of myopia can be 
associated with a variety of significant and potentially sight threatening 
ocular pathology in later life, and is a significant public health concern. 
2.1.4.1 Ocular pathology 
Malignant, degenerate, or pathological myopia is characterized by 
degenerative changes in the sclera, choroid and retina associated with an 
excessive elongation of the eye, thus resulting an impaired visual function. 
The association of myopia with various ocular diseases are summarized in 
Table 2.2.  
2.1.4.1.1 Myopia and cataract 
Cataract is the world’s leading cause of blindness (Kocur and Resnikoff 
2002). Several population based, cohort studies reported that cataract is 
more common in myopic eyes (Lim et al. 1999; Wong et al. 2001). In the 
Blue Mountains Eye Study, the prevalence of posterior subcapsular 
cataract (PSC) was significantly higher in moderate myopes compared with 
emmetropes (Younan et al. 2002). Nuclear cataract was also found to be 
more common in adults with high myopia (spherical equivalent ≥ − 6.0 D) in 
the same population (Younan et al. 2002). 
2.1.4.1.2 Myopia and glaucoma 
Myopic eyes with increased axial length may have a greater possibility of 
optic nerve fibre layer defects associated with an increased IOP and visual 
field defects (Fong et al. 1990; Chihara et al. 1997; Ko et al. 2002; Wong et 
al. 2003).The association of myopia with glaucoma has been described in 
many cross sectional studies, however the temporal relationship between 
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the progression of glaucoma and myopia is not very clear (Ponte et al. 
1994; Mitchell et al. 1999; Grodum et al. 2001; Yoshida et al. 2001; Wong 
et al. 2003). 
2.1.4.1.3 Myopia and chorioretinal diseases 
High myopia may cause vascular or degenerative changes in the retina 
associated with mechanical stretching and thinning of the choroid and 
retinal pigment epithelium as a result of an increase in axial length and 
vitreous chamber depth of the eye. Thus, highly myopic eyes may 
eventually be at risk of developing chorioretinal abnormalities such as, 
retinal detachment, lacquer cracks, chorioretinal atrophy, and lattice 
degeneration (Curtin and Karlin 1970; Karlin and Curtin 1976; Celorio and 
Pruett 1991; Yura 1998).  
2.1.4.2 Socio-economic cost 
Myopia is a substantial socio-economic burden worldwide. The costs of 
myopia includes spectacles, contact lenses and refractive surgery to correct 
refractive error, and indirect costs includes treatments for different ocular 
diseases associated with myopia, such as cataract, glaucoma and retinal 
diseases.   
It has been estimated that there are 153 million people, aged ≥ 5 years 
worldwide with vision impairment associated with uncorrected refractive 
error. These individuals are less productive than they would be if they had 
refractive corrections to give them normal vision (Resnikoff et al. 2008). It is 
estimated that the global economy loses approximately US$269 billion per 
year due to vision impairment associated with uncorrected refractive error 
(Smith et al. 2009).
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Table 2.2: Findings of studies investigating ocular pathologies associated with myopia. 
Study/Author Duration Study design 
Study 
population/Location 
Ocular 
diseases 
Association with myopia 
 
The Blue Mountains Eye Study 
(Younan et al. 2002) 
 
 
 
2002 
 
 
 
 
 
 
 
 
Population-based 
cohort study 
 
 
 
 
 
Elderly Australian white 
(49 years and older, n = 
2334) 
 
 
 
 
Cataract 
 
 
 
 
 
 
Significant association between high 
myopia (SE – 6 D or greater) and 
nuclear cataract (odds ratio [OR] 3.3, 
95% CI: 15.5-7.4). 
 
 
 
Beaver Dam Eye Study  
(Wong et al. 2001) 
 
 
2001 
 
Population-based 
cohort study 
 
 
Elderly American white 
(43-84 years, n= 4470) 
 
Cataract 
 
Cataract was associated with myopia. 
OR 1.23 (95% CI 0.75-2.03) for 
posterior subcapsular cataract, OR 
0.86 (95% CI 0.64-1.16) for cortical 
cataract and OR 1.74 (95% CI 1.28-
2.37) for nuclear cataract. 
 
The Blue Mountains Eye Study 
(Mitchell et al. 1999) 
 
1992-1994 
 
Population-based 
cohort study 
 
 
Elderly Australian white 
(49-97years, n = 3654) 
 
 
Glaucoma 
Open angle glaucoma was present in 
4.2% of eyes with low myopia (SE ≥ – 
1.00 D to < – 3.00 D) and 4.4% of 
eyes with moderate to high myopes 
(SE ≥ – 3.00 D) compared to 1.5% of 
eyes emmetropia (– 0. 99 D to + 1.00 
D) 
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Study/Author Duration Study design 
Study 
population/Location 
Ocular 
diseases 
Association with myopia 
Yoshida et al. (2001) 1999-2000 Cross-sectional study Japanese (6-98 years, n = 
64,394) 
Glaucoma Higher prevalence of open angle 
glaucoma in moderate myopes (SE ≥ – 
3.0 D), compared to the normal subjects. 
Curtin and Karlin (1970) 1970 Cross-sectional study USA, white, young adults 
(20-39 years) and elderly 
(above 40 years) 
population (n = 1437 
eyes). 
Chorioretinal 
lesions  
Prevalence of posterior staphyloma was 
significantly associated with axial myopia 
(1.4 % when axial length was < 27.4 mm, 
14.63% when axial length was 28.5 to 
29.4 mm, 48.65% when axial length was 
31.5 to 32.4 mm and 69.23% when axial 
length was 32.5 to 33.4 mm. 
Prevalence of chorioretinal atrophy was 
<5% when axial length was < 24.5 to 25.5 
mm, ~30% when axial length was < 28.5 
to 29.4 mm and ~60% when axial length 
was < 32.5 to 33.4 mm. 
Baba et al. (2003) 1999-2001 Case-control study Japanese (30-77 years, n 
= 134 eyes) 
Chorioretinal 
lesions 
Prevalence of foveal retinal detachment 
was 9% in highly myopic eyes (SE ≥ – 8.0 
D). 
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2.2 Risk factors for myopia 
2.2.1 Near Work 
Near work is an important environmental factor that has often been found to 
be associated with myopia development or progression in children and 
young adults. Ip et al. (2008b) examined the association of time spent in 
near work with myopia in a population based sample of 12 year old 
Australian school children. Children who spent more time reading (> 30 
min, continuously) were more likely to have greater myopia, compared to 
those children who regularly read for less than 30 mins continuously. Close 
reading distances (<30 cm) were also associated with more myopic 
refraction after adjustment for age, sex and ethnicity.  
A population-based study in Singapore found that children who read more 
than two books per week had 0.17 mm longer axial length and 0.15 mm 
deeper vitreous chamber compared with children who read two or fewer 
books per week (Saw et al. 2002c). Another study found an independent 
effect of reading and near work on myopia for eighth-grade Caucasian 
school children (Mutti et al. 2002). The odds ratio of myopia was 1.02 (95% 
CI 1.008-1.032) for every “dioptre-hour” of near work spent per week, after 
controlling for parental myopia and educational achievement scores. 
2.2.2 Education 
The prevalence of myopia has been found to be associated with a higher 
level of education which could potentially be linked to higher near work 
demands associated with higher education levels (Tay et al. 1992; Wang et 
al. 1994; Katz et al. 1997; Wensor et al. 1999). It has also been observed 
that myopic children have higher intelligence quotient (IQ) and higher 
academic achievements overall (Teasdale and Goldschmidt 1988; Williams 
et al. 1988; Mutti et al. 2002). Saw et al. (2004) evaluated the association 
between intelligence and myopia in Chinese school children aged 10 to 12 
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years. After controlling for age, gender, school, parental myopia, and books 
read per week, children with high non-verbal IQ scores had significantly 
more myopic refraction and longer axial length than the children with low 
non-verbal IQ scores.   
2.2.3 Outdoor activities 
Many previous studies have found a protective role for the level of outdoor 
activities in myopia in children with greater time spent to outdoors being 
associated with less myopia (Parssinen and Lyyra 1993; Mutti et al. 2002; 
Jones et al. 2007). The Singapore Cohort study of Risk factors for Myopia 
(SCORM) investigated the relationship of outdoor activities and myopia in 
teenage children aged 11-20 years (Dirani et al. 2009). After adjusting for 
age, gender, ethnicity, school type, height and parental myopia, for each 
hour increase in outdoor activities per day, myopia decreased by 0.17 D 
and the axial length decreased by 0.06 mm. In Australia, school children 
(12 years) who performed higher levels of outdoor activities but low levels 
of near work had less myopia than the children spending less time outdoors 
(Rose et al. 2008a). 
The Orinda Longitudinal Study of Myopia (OLSM) reported an interaction 
between myopia risks, hours per week of sports and outdoor activities and 
number of myopic parents (Jones et al. 2007). Children with two myopic 
parents who performed lower levels of sports and outdoor activities had a 
higher chance of becoming myopic than those children with one or no 
myopic parents. The exact mechanism behind this association is not clearly 
understood. It has been postulated that the higher light intensity and 
distance visual tasks associated with being outdoors and resulting low 
accommodative demand with distance vision and pupillary constriction that 
would result in a greater depth of field may lead to less image blur (Rose et 
al. 2008a). In addition, high intensity light levels may influence the release 
Chapter Two
17 
 
of the neurotransmitter dopamine from the retina, which could potentially 
inhibit eye growth (McCarthy et al. 2007). 
In a recent animal study, exposure to high ambient illuminance (15,000 lux) 
reduced the rate of ocular growth (60%) in chicks, compared with that seen 
under 500 lux (Ashby and Schaeffel 2010). A similar trend has been 
observed in monkey’s eyes. Form deprived monkeys kept under higher 
levels of light exposure (~25,000 lux) exhibited a lower level of myopia than 
the form deprived eyes of the monkeys reared under normal light levels 
(15-630 lux) (Smith et al. 2012).  
2.2.4 Occupation 
Myopia progression occurring during adulthood has been found to be 
associated with near work and occupation. The prevalence of myopia was 
found to be slightly higher in navigators (about 25%), compared with air 
force pilots (myopia prevalence 18%) (Provines et al. 1983).  
Simensen and Thorud (1994) reported that 90% of textile workers (whose 
occupation involved a close working distance of 30 cm) developed myopia 
(mean −2.56 D) and 80% of these workers had no history of wearing 
glasses before the age of 20 years. The mean axial length of the textile 
workers (mean 24.36 mm) was significantly greater than the control group 
(mean 22.72 mm). A longitudinal study examined changes in refractive 
status of clinical microscopists aged 21 to 63 years and found that 39% of 
emmetropic eyes underwent a myopic change in refraction (mean change 
−0.58 ± 0.04 D) and 48% of initially myopic eyes progressed further into 
myopia by 0.37 D during 2 years (McBrien and Adams 1997). 
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2.2.5 Genetics 
There is a parental association in myopia development and progression. 
Most studies have shown a higher prevalence of myopia among those 
children with myopic parents as compared to those with no myopic parents. 
In the Sydney myopia study, the prevalence of myopia was 7.6% in 12 year 
old children with no myopic parents whereas children with one and two 
myopic parents had two times (14.9%) and six times (43.6%) higher risks, 
respectively, of developing myopia compared to those children with no 
myopic parents (Ip et al. 2007). The mean axial length of the eyes of 
children also increased with the number of myopic parents (23.32 ± 0.05 
mm, 23.44 ± 0.06 mm, and 23.62 ± 0.16 mm for no, one and two myopic 
parents, respectively). 
Zadnik et al. (1994) examined the relationship between genetic factors and 
myopia development in non-myopic Caucasian children aged 6-14 years. 
Even before myopic onset, children with myopic parents had longer axial 
lengths than those without myopic parents. This result suggests that a pre-
myopic eye can also be influenced by a parental history of myopia. This 
finding was supported by an another population based study conducted by 
Lam et al. (2008). They evaluated the effect of parental myopia on axial 
length in Chinese children aged 5 to 16 years. Annual axial length increase 
was 0.37 mm, 0.26 mm and 0.20 mm in children with two, one and no 
myopic parents, respectively. 
2.3 Nearwork and myopia 
2.3.1 Accommodation and myopia  
Accommodation is the ability of the eye to change its optical power to focus 
on objects at different distances. During accommodation, changes occur in 
the shape of the crystalline lens (particularly the anterior surface), in lens 
thickness and in the refractive index distribution within the lens (Dubbelman 
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et al. 2005). The anterior surface becomes more curved during 
accommodation while smaller changes occur in the back surface of the 
lens, the central thickness increases, and the equatorial diameter 
decreases (Koretz et al. 1997; Strenk et al. 1999; Dubbelman et al. 2003). 
Although the distribution of refractive index contributes to the lens power, to 
date there is no clear evidence about how it changes with accommodation 
(Garner and Smith 1997; Jones et al. 2007). 
Since near work appears to be an environmental risk factor for myopia 
development, the accommodation mechanism during near work may play 
an important role in ocular growth. There are various aspects of 
accommodation that may have an association with myopia development 
such as the amplitude of accommodation, the lag of accommodation, and 
tonic accommodation. 
2.3.1.1 Amplitude of accommodation 
The amplitude of accommodation is a measurement of the eye’s maximum 
accommodation response to focus an object clearly at near distances 
(Duane 1912; McBrien and Millodot 1986a; Rosenfield 1998). A range of 
studies have investigated the difference in amplitude of accommodation 
between emmetropes and myopes with inconsistent findings between 
studies. Maddock et al. (1981) and McBrien et al. (1986b) found a greater 
accommodation amplitude in myopes compared with emmetropes. In 
contrast, Fong (1997) reported lower amplitudes of accommodation in 
myopes, and another study by Fisher et al. (1987) was unable to 
demonstrate any significant differences between refractive error groups.  
2.3.1.2 Lag of accommodation  
Accommodation response error or lag of accommodation has often been 
hypothesized as a potential reason for the association between myopia 
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progression and near work (Tay et al. 1992; Gwiazda et al. 1993; Wong et 
al. 2003), since a lag of accommodation results in hyperopic retinal defocus 
which has been shown to be associated with eye growth in many animal 
species (Irving et al. 1992; Hung et al. 1995; Graham and Judge 1999; 
Smith et al. 2010). Several studies have shown that the lag of 
accommodation tends to be greater in myopic subjects compared with 
emmetropic subjects (Table 2.3). Gwiazda et al. (1993) reported that most 
myopic children are esophoric at near due to an elevated accommodation 
convergence/accommodation (AC/A) ratio and that they relax 
accommodation to reduce accommodative convergence and maintain 
binocular vision. McBrien and Milldot (1986b) found a greater 
accommodative lag in late onset myopes compared to early onset myopes, 
followed by emmetropic and hyperopic subjects. Abbott et al. (1998) found 
a greater lag of accommodation in progressing myopes compared with 
stable myopes and emmetropes.  
In the studies described above, accommodative lags are typically greater 
when negative lenses are used to stimulate accommodation. The 
magnitudes of accommodative lags were decreased when accommodation 
was stimulated by a free space target (Schaeffel et al. 1999; Subbaram and 
Bullimore 2002; Charman and Radhakrishnan 2009). In the case of the 
negative lens stimulus, proximal accommodation is absent, and there is no 
convergence-accommodation in monocular viewing (Heath 1956). Gwiazda 
et al. (1993) found a significantly lower accommodative response in myopic 
children compared to emmetropes (mean difference ~0.9 D for a 3.0 D 
accommodative demand) when the accommodation stimulus was 
introduced using negative lenses. In the same experiment, they found no 
significant difference in the accommodative response between refractive 
error group (mean difference ~0.2 D for a 3.0 D accommodative demand) 
when target distance was adjusted to induce accommodation. Chen and 
O’Leary (2000) compared accommodative responses in emmetropic 
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children (age ranged 2-5 years) when accommodation was induced either 
in free space or by viewing a far target through a minus lens. The mean 
accommodation error for free space target and for minus lens was ~0.2 D 
and ~0.7 D, respectively. Therefore, it is possible that the variations 
observed in accommodation responses between refractive error groups 
were partly due to changes in retinal image size associated with the 
negative lens vergence or some other factor associated with negative lens 
use. 
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Table 2.3: Findings of studies investigating accommodative response as a function of refractive error. 
Study/Author 
Age 
(years) 
N Method 
Accommodation 
stimulus 
Accommodative 
response (myopes vs emmetropes) 
McBrien and Millodot 
(1986b) 
18-23 40 Canon Autoref R-1 
Binocular 
NLS 
Hyp > Emm > EOM > LOM 
Gwiazda et al. (1993) 5-17 64 Canon Autoref R-1 
Monocular 
NLS, PLS, DDS 
 
NLS: Emm > myopes 
PLS: no difference 
DDS: no difference 
Abbott et al. (1998) 18-31 32 Canon Autoref R-1 
Monocular 
NLS, PLS,DDS 
 
NLS: progressive myopes > stable 
myopes 
PLS: no difference 
DDS: No difference 
Rosenfield and 
Gilmartin (1999) 
Mean 
age 
~21 
18 Canon Autoref R-1 
Binocular 
DDS 
 
No difference between myopes and 
emmetropes. 
Subbaram and 
Bullimore (2002) 
20-30 60 Canon Autoref R-1 
Monocular 
DDS 
 
No difference between myopes and 
emmetropes. 
Buehren and Collins 
(2006) 
22-36 10 Shack-Hartmann wavefront sensor 
Binocular 
DDS 
 
No difference between myopes and 
emmetropes. 
Hyp = hyperopes; EOM = early onset myopes; LOM = late onset myopes; PLS = positive lens series; NLS = negative lens series, DDS = decreasing 
distance series.
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2.3.2 Tonic accommodation 
Tonic accommodation is also known as the resting state accommodation 
and it can be measured during the presence of an inadequate visual 
stimulus, either by poor contrast and spatial frequency, or in darkness 
(Fisher et al. 1987; Rosenfield et al. 1994; McBrien and Millodot 1987b). 
The association between tonic accommodation and myopia development 
remains unclear. Maddock et al. (1981) and Ramsdale (1985) found lower 
levels of tonic accommodation in myopes. In contrast some previous 
studies reported that myopic subjects may have a greater level of tonic 
accommodation than emmetropes (Gawron 1981; Simonelli 1983). Other 
studies found no significant difference in tonic accommodation between 
refractive error groups (Gilmartin et al. 1984; Whitefoot and Charman 
1992). A longitudinal study suggested that reduced tonic accommodation 
was a consequence of myopia rather than a cause of myopia development 
(Zadnik et al. 1999). Gwiazda et al. (1995) observed a lower level of tonic 
accommodation in myopic children with distance fixation, however myopic 
children exhibited significantly greater shifts in tonic accommodation after 
15 mins of near work, compared to the emmetropic and hyperopic children. 
Tonic accommodation is thought to represent the relative contributions of 
the parasympathetic and sympathetic inputs to the ciliary muscle, which 
have been studied using topical autonomic agents (Gilmartin 1986; 
Gilmartin et al. 1992).  
2.3.3 Effects of posture and working distance 
There is speculation that posture during reading might play some role in 
myopia development associated with near work. A short working distance 
with pronounced head turn has been noticed in school children undertaking 
a school writing task (Charman 2011). It has been suggested that the 
aniso-accommodation demands between the two eyes associated with 
short working distance and asymmetric viewing (i.e. the obliquity of the line 
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of sight with respect to the reading desk because of a pronounced head 
turn) may have a link with nearwork and myopia development (Charman 
2004; Charman 2011). Other studies have noted the prevalence of myopia 
to be significantly greater in Orthodox Jewish school students who have 
substantially different study habits (e.g. sustained near work, swaying, 
bending back and forward while reading books ) than students from non-
Orthodox Jewish schools (Zylbermann et al. 1993). A population based 
study found a greater prevalence of myopia in those children who had 
preferred a close reading working distance during reading (less than 30 cm) 
(Ip et al. 2008b). Marumoto et al. (1999) found a greater head tilt and short 
working distance (~ 15 cm) in younger myopes compared with younger 
emmetropes (working distance ~ 30 cm and smaller head turn) during a 
desktop writing task. In contrast, Hartwig et al. (2011a, 2011b) did not find 
any significant differences between the working distances and head 
postures of refractive error groups for various near tasks.  
2.3.4 Effect of downward gaze 
Buehren et al. (2003a) and Collins et al. (2006b) suggested a possible link 
between near work induced changes in corneal optics and myopia 
development. Changes in corneal astigmatism and higher order aberrations 
have been found to occur after a near task in downward gaze (Buehren et 
al. 2003a; Collins et al. 2006b). These changes in the cornea in downward 
gaze are most likely caused by the eyelid pressure on the corneal surface 
(Shaw et al. 2008; Shaw et al. 2009). It has also been shown that changes 
in corneal aberrations associated with reading in downward gaze do 
significantly affect retinal image quality and are significantly greater in 
myopes (Buehren et al. 2005). 
Downward gaze may be involved in a number of occupational tasks 
associated with myopia development such as, microscopy and textile work. 
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Although the use of computers typically involves sustained near work with a 
substantial amount of accommodation, it does not appear to be associated 
with myopia development (Cole et al. 1996; Mutti and Zadnik 1996; 
Rechichi and Scullica 1996). On the other hand, microscopists tend to have 
a higher prevalence of myopia compared with the general population 
(Adams and McBrien 1992; McBrien and Adams 1997). As the image 
through the microscope is normally placed at infinity, it suggests that 
accommodation may not play a role in myopia development in 
microscopists at infinity. Collins et al. (2006b) observed substantial 
amounts of corneal aberration changes arising from downward gaze 
associated with a microscopy task, whereas little change was found in the 
cornea following a computer task because the task involves less downward 
gaze angle. It should also be noted that there has recently been a dramatic 
change in display technology (e.g. iPhone, iPod, iPad etc). These devices 
are typically being used at very short working distance in downward gaze, 
which could potentially influence myopia progression in younger population 
over a period of time. 
Previous studies have found a greater amplitude of accommodation during 
downward gaze, compared with primary gaze (Atchison et al. 1994; Ripple 
1952; Takeda et al. 1992).  Ripple (1952) found a mean difference of 0.83 
D occurring between primary gaze and 20° downward gaze for 10 D 
accommodative demand. One possible explanation for this change in 
accommodation is that the crystalline lens may move forward under the 
action of gravity, and thereby the refractive power of the eye would shift 
slightly in the myopic direction in downward gaze.  
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2.3.5 Near work induced transient myopia (NITM) and the autonomic 
nervous system  
Near work induced transient myopia (NITM) is defined as accommodation 
inaccuracy for distance vision after a period of sustained near work 
(Wolffsohn et al. 2003). Ciuffreda and Wallis (1998) found an increased 
level of NITM in myopes (both early onset and late onset myopes) in 
comparison to emmetropes. Late-onset myopes had longer NITM decay 
time (i.e. 63 seconds) to reach their baseline level than did early-onset 
myopes (i.e. 35 seconds) following a 10 minute near task with 5 D 
accommodative demand. Progressing myopes tend to have a greater level 
of NITM than that of stable myopes and emmetropes (Vera-Diaz et al. 
2002). It has been suggested that NITM may act as a myopic defocus 
(about 0.25 to 0.50 D plus lens) for distance vision immediately after a 
sustained period of near work, that could potentially influence 
myopiagenesis (Ciuffreda and Vasudevan 2008).  
The influence of sympathetic inhibition on the magnitude of NITM has been 
studied using sympathetic inhibitory pharmacological agents (Gilmartin and 
Bullimore 1987; Vasudevan et al. 2009). For example, Gilmartin and 
Bullimore (1987) reported that NITM decayed to baseline within 60 
seconds, whereas with the instillation of a β-antagonist (timolol), the decay 
duration increased to 80 seconds, which suggests that sympathetic 
innervation to the ciliary muscle is involved in the recovery from NITM.  
2.4 Wavefront aberrations and myopia 
2.4.1 Definition of wavefront aberrations 
The human eye has various optical errors that limit the quality of the retinal 
image including chromatic and monochromatic aberrations. The refractive 
errors of defocus and astigmatism are referred to as the lower order 
aberrations while optical errors such as coma, trefoil, and spherical 
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aberration are referred to as higher order aberrations (Figure 2.2). While 
conventional contact lenses or spectacles correct the lower order 
aberrations, they do not correct higher order aberrations. In some 
conditions such as keratoconus (Schlegel et al. 2009), and post refractive 
surgery (Seiler et al. 2000; Marcos et al. 2001a), significant amounts of 
higher order aberrations (HOAs) can be present in the eye.  
 
Figure 2.2: Schematic diagrams illustrate the optical light rays exiting from 
an optically perfect eye (A) and aberrated eye (B). For the perfect eye (A), 
the wavefront exiting the pupil is perfectly flat and the lenslet array forms a 
perfectly regular array of spots on the CCD camera whereas the exiting 
wavefront from the aberrated eye (B) is distorted. 
2.4.2 Representation of aberrations 
The aberrations of the eye can be measured as wavefront aberrations, 
transverse aberrations or longitudinal aberrations (Atchison 2004). The 
wavefront aberrations are the departure of the measured wavefront from 
the ideal spherical wavefront at the exit pupil. Transverse aberration is the 
departure of the ray from the ideal position at the image plane. Longitudinal 
aberration is the departure of the intersection of a ray with the optical axis 
from the ideal intersection position. The wavefront aberration function is the 
most widely used method to quantify the aberrations of the eye in vision 
research. 
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2.4.3 Zernike polynomials 
The Zernike polynomial function series are the most common method used 
to represent wavefront aberrations of the eye. The terms in this series are 
independent. To represent the Zernike algorithm, the ‘Optical Society of 
America’ system has been adopted in vision science (Thibos et al. 2002a).  
The Zernike polynomial is: 
𝑊(ρ, θ) = ∑ ∑ 𝑐𝑛𝑚𝑛 𝑚= −𝑛
𝑛−|𝑚|=𝑒𝑣𝑒𝑛 𝑧𝑛𝑚(𝜌, 𝜃)𝑘𝑛=0                                           (2.1) 
     Where, 
     W (ρ, θ) = polar representation of wave aberrations       𝑧𝑛𝑚  = a particular Zernike polynomial       𝑐𝑛𝑚  = the coefficient of the Zernike polynomial       ρ    = relative distance to the centre of the pupil        θ    = a meridian measured in radians 
      k = maximum order of the polynomial series 
The Zernike polynomial function  𝑧𝑛𝑚  is defined as   
 
 znm (ρ, θ) = � Nnm Rn  |m| (ρ)cos (mθ), for m ≥ 0Nnm Rn|m|(ρ) sin(|m|θ), for m < 0 �                                                (2.2) 
 
Where 𝑅𝑛  |𝑚| (ρ) is a radial polynomial and 𝑁𝑛𝑚 is a normalisation term. Rn|m| is 
given by 
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 Rn  |m| (ρ) = ∑ (−1)s (n−s)!s!{0.5(n+|m|)− s}! {0.5 (n−|m|)− s}!(n−|m|)/2s=0  ρn−2s                                    (2.3)           
 
Where the index n is the radial power of the polynomial and the index m 
refers to the meridional frequency of the azimuthal component of the 
Zernike polynomial. The normalization term Nnm  is defined as 
        Nnm  = √n + 1  for m = 0, Nnm = �2(n + 1)  for m ≠ 0.                      (2.4) 
 
2.4.4 Refractive power and Zernike power polynomials 
There have been many methods used (Charman and Walsh 1989; Howland 
and Buettner 1989; Hemenger et al. 1996; Cheng et al. 2004; Thibos et al. 
2004) to relate monochromatic wavefront aberrations to dioptric power. The 
refractive map has a simple structure in the case of defocus and 
astigmatism, but becomes complex when higher order aberrations present. 
The estimate of refractive power derived from the wavefront can be defined 
as (Iskander et al. 2007):  
𝐹(𝑟, 𝜃) = 103
𝑟𝑚𝑎𝑥
 ∑ 𝑐𝑗𝑝−1𝑗=3 𝜓𝑗 � 𝑟𝑟𝑚𝑎𝑥 ,𝜃�                                                         (2.5) 
Where rmax corresponds to the pupil radius,  
𝜓𝑗(𝜌,𝜃) =  ��2(𝑛 + 1) 𝑄𝑛𝑚(𝜌) cos(𝑚 𝜃),𝑚 > 0�2(𝑛 + 1) 𝑄𝑛𝑚(𝜌) sin(𝑚 𝜃),𝑚 > 0
√𝑛 + 1 𝑄𝑛𝑚 (𝜌)                 𝑚 = 0                                        (2.6) 
 
        𝑄𝑛  𝑚 (ρ) =  ∑ (−1)𝑠 (𝑛−𝑠)!(𝑛−2𝑠)𝑠!{(𝑛+|𝑚|)2− 𝑠}! {(𝑛−|𝑚|)2− 𝑠}!𝑛−|𝑚|2 −𝑞𝑠=0  𝜌𝑛−2𝑠−2                     (2.7) 
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The function ψ (ρ, θ) is defined as the refractive Zernike power polynomials. 
The refractive Zernike power coefficients in a familiar pyramidal form are 
presented in Figure 2.3. 
 
 
                  
Figure 2.3: The refractive Zernike power coefficients pyramid up to eighth 
radial order. 
2.4.5 Measurement of aberrations 
The aberrations of the human eye can be measured by a variety of 
methods either subjectively or objectively. In earlier studies, subjective 
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methods were used to measure aberrations. Typically the aberrations are 
measured in object space, as they cannot be easily measured on the image 
side of the eye’s optical system (i.e. at the retina). 
2.4.5.1  Subjective methods 
Howland and Howland (1977) measured ocular aberrations using a 
subjective cross cylinder aberoscope based on the principle of Tscherning’s 
aberroscope. In this technique, subjects were asked to view a square grid 
produced by a cross cylinder aberroscope and then to draw the grid. This 
drawing was later analysed quantitatively by fitting Taylor polynomials and 
Zernike polynomials up to the 4th radial order.  
The spatially resolved refractometer has also been used as a 
psychophysical technique to measure wavefront aberrations (He et al. 
2000; Marcos et al. 2001b; McLellan et al. 2001). With this technique, 
subjects align the test beam to a reference beam to measure the 
aberrations at various positions in the pupil. The spatially resolved 
refractometer was used to measure the monochromatic wavefront 
aberrations up to 7th radial order to investigate the influence of 
accommodation on aberrations (He et al. 2000). 
2.4.5.2 Objective methods 
Many objective methods have been developed to measure the ocular 
aberrations and they have advantages over subjective methods because of 
their ability to acquire faster and repeated measurements in a short period 
of time. 
Walsh et al. (1984) modified the subjective cross-cylinder aberroscope by 
adding an ophthalmoscopic channel that could view the distorted grid on 
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the subject’s retina which was then analysed to derive a Taylor polynomial 
to quantify the aberrations of the eye.  
In the late nineteenth century, Hartmann used the Scheiner principle to 
measure aberrations of mirrors and lenses. Platt and Shack (2001) 
improved this method with the use of a Hartmann screen that employs an 
array of small lenslets that focus light into an array of spots. Liang et al. 
(1994) first applied the Hartmann-Shack principle to measure aberrations of 
human eyes. A Hartmann-Shack sensor is essentially a fundus camera 
consisting of an array of micro-lenses that captures multiple images of a 
single spot of light on the retina. The micro-lenslet array separates the 
reflected wavefronts emerging from the eye into a large number of smaller 
wavefronts, each of which is focused to a small spot on the sensor. They 
used the Hartmann-Shack wavefront sensor to measure the local slope of 
the wavefront and then they reconstructed the wavefront data using Zernike 
polynomials up to the 4th radial order.  
Today the Hartmann-Shack technique is widely used to assess wavefront 
aberrations of human eyes. This technique has been extensively used for 
measuring aberrations in several areas of clinical research, such as the 
description of ocular aberrations in large populations (Porter et al. 2001; 
Carkeet et al. 2002; Thibos et al. 2002b; Cheng et al. 2004; Kirwan et al. 
2006), studies in myopia (Paquin et al. 2002; Cheng et al. 2003a; Collins et 
al. 2006a), dry eye (Thibos and Hong 1999; Koh et al. 2002; Miller et al. 
2002), keratoconus (Munson et al. 2001; Guirao et al. 2002), cataract 
(Kuroda et al. 2002a; Kuroda et al. 2002b), corneal refractive surgery 
(Seiler et al. 2000; Schlegel et al. 2009), contact lenses (Hong et al. 2001; 
Lopez-Gil et al. 2002; Patel et al. 2002), and intraocular lenses (Miller et al. 
2002). 
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2.4.6  Factors affecting ocular aberrations 
2.4.6.1  Population and age 
Various studies (Howland and Howland 1977; Walsh et al. 1984; Navarro et 
al. 1985; Liang and Williams 1997; Marcos et al. 2001b) found that ocular 
aberrations in the population exhibit substantial inter-subject variability.  
However aberrations have been found to be correlated between the right 
and left eye of an individual after accounting for enantiomorphism (Porter et 
al. 2001; Castejon-Mochon et al. 2002). The magnitude of the aberrations 
increases with the eccentricity of the measurement axis (Navarro et al. 
1998; Mathur et al. 2008). 
As the optical characteristics of ocular refractive components such as the 
cornea, and crystalline lens alter with age, it is not surprising that ocular 
aberrations also exhibit aging changes. In young eyes, the internal 
components of the eye partially compensate corneal aberrations (Artal et al. 
2001). However, with age related changes in the cornea and crystalline 
lens, the compensation of corneal aberrations by internal components 
becomes weaker, thus resulting in an increase in higher order aberrations 
with age (Calver et al. 1999; Amano et al. 2004; Applegate et al. 2007). 
2.4.6.2 Accommodation 
The changes in the crystalline lens during accommodation cause a 
dramatic change of ocular aberrations. Several studies have shown that 
spherical aberration shifts in the negative direction with accommodation 
(Koomen et al. 1949; Ivanoff 1956; Atchison et al. 1995; Collins et al. 
1995a; He et al. 2000; Ninomiya et al. 2002; Hazel et al. 2003). The 
changes of spherical aberration with accommodation are most likely 
associated with the changes in asphericity or refractive index distribution of 
the crystalline lens during accommodation. Cheng et al. (2004) have 
recently conducted a comprehensive population based study where they 
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found a systematic decrease in spherical aberration with accommodation 
increase.  
In addition to the spherical aberration, coma and astigmatism also alter with 
accommodation (Atchison et al. 1995; Tsukamoto et al. 2000; Mutti et al. 
2001; Cheng et al. 2004; Radhakrishnan and Charman 2007a). 
Radhakrishnan et al. (2007a) found that astigmatism shifted in the with-the 
rule direction, being about −0.04 D for each dioptre of accommodation 
response. Cheng et al. (2004) observed some changes in coma with 
accommodation, but the direction of the change was inconsistent, going in 
either positive or negative direction. A recent study found significant 
horizontal tilt of the crystalline lens in rhesus monkeys during 
accommodation (Rosales et al. 2008). Therefore, it is possible human 
astigmatism and coma may also change due to lens tilt during 
accommodation.  
Some authors have suggested that accommodation may also change the 
topography of cornea (Pierscionek et al. 2001; Yasuda et al. 2003).  
However, others found no change in the corneal topography with 
accommodation, when the cyclotorsion of the eye is taken into 
consideration (Buehren et al. 2003b; Read et al. 2007). This suggests that 
changes in the crystalline lens may be the primary cause of changes in 
coma and astigmatism during accommodation (Strenk et al. 2005). 
2.4.6.3  Eye lid pressure 
Eye lid force on the corneal surface is a factor which changes with vertical 
angle of gaze and affects corneal aberrations, mainly along the vertical 
meridian (Collins et al. 2006c), during reading in downward gaze (Shaw et 
al. 2008). Collins et al. (2006c) reported that changes of corneal topography 
are associated with angle of reading gaze and the eye movements of the 
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subject. Shaw et al. (2008) found greater changes of corneal topography at 
40 degree downward gaze than 20 degree downward gaze. Studies 
(Buehren et al. 2003a; Buehren et al. 2005) have typically found a 
significant change in vertical coma and trefoil along 300 associated with lid 
force induced corneal distortion after reading in down gaze. 
2.4.7 Influence of aberrations on myopia development 
2.4.7.1 On-axis aberrations and myopia 
It has been suggested that higher order aberrations may be one of the 
factors associated with myopia development (Collins al. 1995a). One 
possible mechanism involves higher levels of aberrations leading to retinal 
image blur and form deprivation, thus affecting emmetropization. Another 
hypothesis is that wavefront aberrations result in hyperopic defocus in parts 
of the retinal image that could act as a stimulus to eye growth. Some 
studies reported an increase of higher order aberrations with myopia 
(Collins et al. 1995a; He et al. 2002; Buehren et al. 2005). Collins et al. 
(1995a) found more negative spherical aberration in myopic subjects at 
various levels of accommodation. He et al. (2002) found a slightly higher 
level of second-order astigmatism in older children and young adults who 
were myopic, as compared with emmetropes. Marcos et al. (2002) also 
found an increased level of total RMS and higher order aberrations with 
myopia. Radhakrishnan et al. (2004) found a higher level of positive 
spherical aberration in their myopic group (0.40 ± 0.58 µm) compared with 
their emmetropic group (0.06 ± 0.23 µm) under cycloplegia. However, the 
difference did not reach significance. In contrast, some studies have shown 
no difference in spherical aberration between refractive error groups 
(Cheng et al. 2003a). Paquin et al. (2002) reported an increase in coma in 
myopes compared with emmetropes.  
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2.4.7.2 Off-axis aberrations and myopia 
In addition to on-axis aberrations, off-axis aberrations could also play some 
role in myopia development as a result of relative peripheral hyperopia.  
Several studies have shown that relative peripheral refractive error tends to 
be more myopic in subjects with shorter eyes and more hyperopic in 
subjects with longer eyes (Hoogerheide et al. 1971; Millodot 1981; Mutti et 
al. 2000b; Atchison 2006). The pattern of peripheral refraction is controlled 
by the shape of the eye and the optical properties of the ocular 
components. Ferree and Rand (1933) suggested that a prolate ellipsoid 
shape of the globe would increase the relative peripheral hyperopia. When 
the off-axis image plane is relatively hyperopic with respect to the 
peripheral retinal surface, a local eye growth signal may be produced to 
bring peripheral retina to the image plane, even though the foveal image is 
in focus (Seidemann et al. 2002; Schmid 2003; Stone and Flitcroft 2004; 
Wallman and Winawer 2004).  
 A recent interest of myopia research therefore is to investigate the possible 
roles of the shape of the eye and peripheral refraction in myopia 
development. It has been shown that peripheral optics of the eye is related 
with eye shape retinal shape (Verkicharla et al. 2012). Magnetic resonance 
imaging (MRI) has been used to determine eye shape (Cheng et al. 1992; 
Atchison et al. 2004). Atchison et al. (2004) reported that myopic eyes are 
elongated more in the axial than the equatorial dimension. Tabernero and 
Schaeffel (2009) inferred the shape of the eye in both myopic and 
emmetropic subjects based on a continuous scan of the peripheral 
refraction. They found a more irregular eye shape in myopic subjects 
compared to the emmetropic subjects.  
Lundstrom et al. (2009) found significant differences in higher order 
aberrations (e.g. trefoil, coma and spherical aberration) between 
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emmetropes and myopes along the horizontal (± 40°) and vertical axis (± 
20°). Mathur et al. (2009a) investigated changes in peripheral aberrations 
across 42° × 32° of the visual field using a modified Shack-Hartmann 
wavefront sensor in myopes and emmetropes. The myopic subjects had 
greater changes in coma compared with emmetropes, across the field.  
2.4.7.3 Near work, wavefront aberrations and myopia 
Most of the previous studies were unable to demonstrate any significant 
difference in higher order aberrations between myopes and emmetropes 
when wavefront aberrations were measured under cycloplegia (Carkeet et 
al. 2002; Martinez et al. 2009; Philip et al. 2012). However, myopic subjects 
have been found to exhibit an increase in higher order aberrations 
compared with emmetropes during accommodation (Collins et al. 1995a; 
He et al. 2002; Buehren et al. 2005). Collins et al. (1995a) also found more 
negative spherical aberration in myopes than emmetropes, with 
accommodation.  
Collins et al. (2006a) reported the effect of higher order aberrations on the 
retinal image quality in myopic subjects, both before and after a period of 
reading. In this study, the myopes showed a significantly reduced retinal 
image quality based on the optical transfer function (VSOTF) compared 
with emmetropes both before and after reading for far distance and for near 
vision prior to reading, but not after reading. In addition, accommodative lag 
has been shown to be influenced by the higher order aberrations of the eye 
(Buehren and Collins 2006). 
Most previous studies of aberrations and refractive error have measured 
aberrations in primary gaze, with no accommodation or convergence. This 
does not represent the natural condition of human eyes while undertaking 
near work, which typically involves downward gaze, accommodation and 
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convergence. Further study is needed to investigate the optical 
characteristics of human eyes during near work. The optics of the human 
eye may differ in downward gaze compared to primary gaze because of 
biomechanical forces affecting the optical components of the eye.  
2.5  Emmetropization, axial elongation and myopia 
development 
Emmetropization is a mechanism occurring during the normal growth by 
which the eye balances the focal length of the optical components (cornea 
and crystalline lens) and axial length of the eye to produce emmetropia 
(Wildsoet 1997). Although emmetropization is a natural process of eye 
growth to reduce refractive error, both human and animal studies have 
shown that visual experiences can potentially regulate eye growth (Wildsoet 
1997). For example, when retinal image quality is degraded by visual 
deprivation, the emmetropization process is disrupted, and the growth of 
the eye is altered, thus resulting in abnormal eye growth (Figure 2.5).  
2.5.1 Human models 
Although the refractive power of the eye alters throughout the life, the most 
rapid development occurs during infancy and early childhood. The 
mechanisms that regulate the development of the various ocular biometric 
parameters in human eyes are not clearly understood. The increasing 
prevalence of myopia in certain populations (particularly in Asian countries) 
implies that the process of emmetropization is influenced by several 
environmental factors to produce myopia.  
2.5.1.1 Emmetropization during normal eye growth 
New born babies are most likely to have a moderate amount of hyperopia 
of 2-3 dioptres that decreases rapidly toward emmetropia during the first 12 
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months of life (Saunders et al. 1995; Wood et al. 1995; Ehrlich et al. 1997). 
By 4-6 years of age the refractive state of the eye typically reaches near 
emmetropia with a reduction in the variations in the ocular biometric 
components (Saunders et al. 1995; Mayer et al. 2001). Figure 2.4 illustrates 
the spherical refractive error (mean spherical equivalent) in different age 
group from infancy to childhood in studies of the US population (Zadnik et 
al. 1993; Mayer et al. 2001; Zadnik et al. 2003; Mutti et al. 2005). 
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Figure 2.4: Distribution of mean spherical equivalents of various age groups 
(infancy to 12 years) reported by Mayer et al. (2001), Mutti et al. (2005), 
Zadnik et al. (1993) and Zadnik et al. (2003). The smooth curve is a simple 
exponential function fit to all of the plotted points that illustrates 
emmetropization from infancy to childhood. 
A high prevalence of astigmatism (≥ 1.0 D) has been found in infants. 
Atkinson et al. (1980) found the prevalence of with-the rule astigmatism (≥ 
1.0 D) of 82% in hyperopic infants (6-9 months of age). A longitudinal study 
found that the amount of astigmatism decreases significantly with age, from 
81% at 9 months of age to 58% at 20 months of age (Ehrlich et al. 1997). 
Recently, Mutti et al. (2004) found that 42% of infants at the age of 3 
months had ≥ 1.0 D astigmatism with a most common orientation of with-
the rule direction, and the prevalence of astigmatism was decreased to 4% 
by 36 months. The reduction in astigmatism appeared to be caused by the 
changes in curvature of the crystalline lens and cornea with age (Mutti et al. 
2004).  
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2.5.1.2 Biometric changes during emmetropization and normal eye growth 
The biometric changes during the emmetropization process include the 
axial length increasing, the anterior chamber deepening, the cornea and 
crystalline lens flattening and reducing in power. The most rapid increase of 
the axial length occurs in the first year of life. A longitudinal study found an 
increase in axial length of 3.0 mm (from ~17 mm to ~20 mm) from 4 to 53 
weeks of life (Pennie et al. 2001). The rate of axial growth then reduces 
with an increase of approximately 1.2 mm from age 2 to 5 years and 1.0 
mm from 5-12 years (Larsen 1971; Zadnik et al. 1993).   
Changes in corneal and crystalline lens power were found to be inversely 
correlated with axial growth during the process of emmetropization. Mutti et 
al. (2005) found a decrease in corneal power and lenticular power of ~1.0 D 
and ~3.5 D respectively from 3 to 9 months of age. The changes in corneal 
power are associated with a flattening of the corneal curvature with 
increasing age. One of the possible explanations for the reduction in lens 
power with normal growth is that the lens is being stretched in the 
equatorial direction during ocular growth, thus resulting in flatter curvature 
(Zadnik et al. 1993). Another alternative hypothesis is that variation in the 
equatorial gradient index profile may alter lenticular power during ocular 
growth (Wood et al. 1996). 
2.5.1.3 Disrupted visual experience 
Any interruption to the interconnected growth of the ocular components 
may result in abnormal eye growth, thereby producing refractive errors. The 
mechanism of emmetropization can be influenced by retinal image quality. 
It has been shown that a blurred retinal image associated with conditions 
that result in disruptions to form vision such as, corneal opacification (Gee 
and Tabbara 1988), congenital cataract (Calossi 1994), and neonatal eyelid 
closure (Hoyt et al. 1981) causes the eye to develop high refractive error.  
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2.5.1.4 Relation between refractive errors and ocular biometrics 
Several studies have examined the correlations between the magnitude of 
refractive error and the biometric components of the eye. Axial length is 
found to be highly correlated with refractive error, suggesting that axial 
length is the primary determinant of refractive error of the eye (Garner et al. 
1990; Goss et al. 1990; Goss et al. 1997; Mutti et al. 2005). A number of 
studies have shown that axial length is greater in myopes than emmetropes 
and hyperopes. In comparison with axial length, corneal and lens powers 
have weaker correlation with refractive error, indicating they may play a 
less significant role in determination of refractive error (Garner et al. 1990; 
Goss et al. 1990; Goss et al. 1997; Mutti et al. 2005). Some studies have 
shown that corneal power is greater in myopes than emmetropes due to the 
steeper central and peripheral curvatures (Grosvenor and Scott 1991; 
Carney et al. 1997; Budak et al. 1999), while others have found no 
significant difference between refractive error groups (McBrien and Millodot 
1987a; McBrien and Adams 1997). 
2.5.2 Animal models  
Animal studies of refractive error development suggest that vision-
dependent mechanisms actively influence the refractive state of the eye. 
Several techniques have been used to study the mechanism of 
emmetropization and myopia development in animals such as, imposed 
near environments, form deprivation myopia and lens induced myopia, 
peripherally imposed defocus and defocus induced hemifield myopia. A 
wide variety of animal species have been employed including guinea pigs 
(Backhouse and Phillips 2010), tree shrews (Norton 1990), chicks (Schmid 
and Wildsoet 1996), monkeys (Smith and Hung 1999), cats (Mitchell et al. 
2003), rabbits (Liu and Farid 1998), rats (Mutti et al. 1998) and fish (Shen et 
al. 2005).  
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2.5.2.1 Imposed near environments and myopia development 
There have been many attempts to change the refractive status of the 
monkeys’ eyes through experimentally altering the visual environments to 
ensure that animals engage in near viewing for longer periods. Levinsohn 
(1925) was able to produce myopia in young monkeys by placing them in 
cages designed to hold the animal’s face in the horizontal plane with a 
restricted viewing condition (e.g. forced to look constantly downward with 
the head and body bent forward) for periods ranging between 4 weeks to 
12 months. Control monkeys showed stable refractive status of the eye 
when positioned in a normal upright orientation. Based on this result, it has 
been proposed that eye posture and gravity may have an impact on the 
development of myopia. Young (1961a; 1961b; 1963) conducted a series of 
experiments to stimulate near vision in monkeys by restricting visual space 
(i.e. viewing distance less than 20 inches) for periods up to one year. 
Results of these studies suggested that monkeys with restricted visual 
space became either more myopic or less hyperopic after one year of the 
experimental treatment. 
2.5.2.2 Form deprivation myopia  
Several techniques have been used to examine the influence of form 
deprivation upon the normal axial growth of the eye such as, lid suture 
(Wiesel and Raviola 1977), translucent goggles/diffusers (Wallman and 
Adams 1987; Bartmann and Schaeffel 1994), or manipulating contrast of 
the visual environment (Schmid et al. 2006). Form deprivation results in 
axial elongation of the eye and the development of myopia, presumably due 
to the blurring of the retinal image (in particular contrast and spatial 
frequency deprivation). In humans, refractive error development following 
neonatal ptosis and congenital cataract are likely to be due to the form 
deprivation associated with these conditions (Hoyt et al. 1981; Von 
Noorden and Lewis 1987; Calossi 1994).   
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2.5.2.3 Lens induced myopia  
Altering retinal image quality with lenses (e.g. hyperopic defocus or myopic 
defocus) has also been shown to lead to altered eye growth in animal 
models (Schaeffel et al. 1988; Irving et al. 1992; Hung et al. 1995; Graham 
and Judge 1999). Positive lenses (myopic defocus) are known to lead to a 
shortening of the eye length and the development of hyperopia, whereas 
negative lenses (hyperopic defocus) lead to the development of myopia 
through axial elongation. The changes in the axial length of the eye 
associated with defocus effectively result in the anterior or posterior 
movement of the retina towards the image plane due to changes in 
choroidal thickness and scleral growth (Figure 2.5). Choroidal and scleral 
responses to defocus have been found in both chick (Wallman et al. 1995; 
Wildsoet and Wallman 1995) and primate models (Hung et al. 2000; Troilo 
et al. 2000).  
Recently, Read et al. (2010b) examined the changes in axial length 
(distance from cornea to retinal pigment epithelium) and choroidal thickness 
in young adults following 60 mins of monocular hyperopic defocus and 
myopic defocus. A significant increase in axial length occurred following 
hyperopic defocus, and a significant decrease in axial length followed by 
myopic defocus. Similar to the animal models, this study suggests that the 
human visual system is also capable of detecting the direction of defocus 
and moving the retina towards the image plane to minimise the imposed 
blur. 
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Figure 2.5: A schematic diagram of emmetropization towards emmetropia 
(A), emmetropization towards myopia as a result of hyperopic defocus (B), 
emmetropization towards hyperopia as a result of myopic defocus (C).  
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2.5.2.4 Form deprivation myopia vs. lens induced myopia 
It has been suggested that ocular growth modulated by form derivation 
myopia and lens induced myopia may have different underlying 
mechanisms (Schaeffel et al. 1995). In comparison with form deprivation 
myopia, lens induced myopia shows more rapid change in ocular growth 
and in the synthesis of scleral proteoglycans (Wildsoet and Wallman 1995; 
Kee et al. 2001). Kee et al. (2001) found that chick’s eyes wearing diffusers 
did not show ocular growth until 3 days, whereas eyes wearing negative 
lens started to show a significant increase in axial length after only 1 day. 
There is evidence that constant light exposure can suppress myopia 
development in response to form deprivation, whereas lens induced 
refractive changes are not affected (Bartmann et al. 1994). It has also been 
reported that exposure to stroboscopic light at dawn and dusk may affect 
the development of myopia much more for form deprivation than for lens 
induced myopia (Kee et al. 2001). These results suggest that the 
mechanisms underlying these two forms of experimental myopia may be 
different, however they both ultimately alter ocular growth resulting in 
similar anatomical changes. 
2.5.2.5 Role of neural pathways in lens induced and form deprived 
emmetropization  
It has been shown that myopia still develops in response to form 
deprivation and hyperopic defocus in chicks that have undergone optic 
nerve or ciliary nerve section, indicating a minimal role of higher neural 
processes in the eye’s response to form deprivation (Wildsoet 2003). It has 
also been shown that an intact optics nerve is not required for the recovery 
from form deprivation myopia (Wildsoet and Schmid 2000). However there 
was an increased variability in the response to the form deprivation 
compensation for eyes with optic nerve section compared with the eyes 
with intact optic nerve. These results suggest that both form deprivation and 
lens induced emmetropization are mainly mediated by local processes at 
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the retina, choroid and sclera, but higher neural processes may play a role 
in fine tuning of the refractive state of the eye. 
2.5.2.6 Peripherally imposed defocus 
Although it has been hypothesised that visual signals from the central retina 
can have a significant influence on the emmetropization process (Stone 
and Flitcroft 2004), it was found that foveal refractive development can also 
be mediated by the peripheral visual field and that an intact fovea is not 
necessarily needed for emmetropization to occur (Smith et al. 2005; Smith 
et al. 2007; Smith et al. 2009b). Peripheral form deprivation was introduced 
in infant monkeys with diffusers that had a central clear pupil (4 or 8 mm) 
(Smith et al. 2005). The treated monkeys exhibited faster than normal axial 
growth rates, and became either less hyperopic or more myopic. These 
findings indicate that peripheral image blur can produce axial myopia, even 
in the presence of clear images at the fovea. 
2.5.2.7  Defocus induced hemifield myopia 
To investigate whether local retinal mechanisms are involved in 
emmetropization responses in monkeys, Smith et al. (2009a) conducted a 
study to examine hemifield form deprivation on ocular growth. In this study, 
infant monkeys were wearing monocular diffuser lenses that eliminated 
vision in nasal field. Hemifield form deprivation caused a substantial 
myopia, localized to the corresponding defocused retinal region. Similar 
results have been obtained for a number of other species, providing support 
for the idea that defocus induced was refractive error development is 
mediated by local retinal signals, thus leading to alterations in local scleral 
structure (Hodos and Kuenzel 1984; Wallman et al. 1987; Diether and 
Schaeffel 1997) .  
Chapter Two
48 
 
2.5.3 Optically generated signals and myopia development 
2.5.3.1 Retinal signals and myopia development  
Since defocus mediated eye growth is mainly found to occur locally to the 
eye, it has been proposed that various signalling chemicals secreted by 
neural cells (e.g. amacrine cells) within the retina could potentially control 
eye growth through a signalling cascade from the retina to sclera through 
the choroid (Wallman and Winawer 2004). Amacrine cells have complex 
visual responses, and they synthesise and release a variety of 
neurotransmitters [e.g. gamma-amino butyric acid (GABA), glutamate and 
acetylcholine] and neuromodulators [e.g. dopamine, adenosine, glucagon 
and nitric oxide] (MacNeil and Masland 1998; Kolb 2003). Animal models 
have shown that the release of neurotransmitters and neuromodulators 
alters in the presence of lens induced defocus and form deprivation 
(Wallman and Winawer 2004; Zhong et al. 2004; Stone et al. 2011). It has 
also been suggested that the retinal signals from certain amacrine cells are 
different depending on either positive defocus or negative defocus are 
induced. For example glucagon increases in glucagonergic amacrine cells, 
when positive defocus is induced and decreases when negative defocus is 
used (Fischer et al. 1999; Simon et al. 2004). Dopamine is a 
neurotransmitter used by specific amacrine cells in the retina that may act 
as a primary growth inhibiting signal (Schaeffel et al. 1995). The use of 
diffusers and negative lenses may decrease the level of dopamine in the 
retina (Stone et al. 1989; Guo et al. 1995). Dopamine also tends to increase 
in the retina of animals when recovering from form derivation myopia 
(Pendrak et al. 1997). Although a number of candidate retinal cells and 
pathways have been examined for their potential involvement in myopia 
development, the exact signalling cascade involved, remains to be fully 
understood. 
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2.5.3.2 Choroid and myopia development 
It has been suggested that the choroid plays an important role in the 
process of ocular growth (Nickla and Wallman 2010). The changes in axial 
length of the eye with defocus have been shown to be modulated by scleral 
growth and choroidal thickness changes (Rada et al. 1992; Wallman et al. 
1995; Wildsoet and Wallman 1995; Nickla et al. 1997). The choroid 
becomes thicker with imposed myopic defocus, thus resulting in an anterior 
movement of the retina towards the image plane, and thinner with 
hyperopic defocus, resulting in a posterior movement of the retina, once 
again towards the image plane (Wallman et al. 1995; Read et al. 2010b). 
Choroidal changes in response to defocus have been shown to occur 
rapidly and precede changes in scleral growth. Kee et al. (2001) reported 
choroidal thinning of ~60 µm in newly born White Leghorn chicks after only 
2 hours of exposure to −15 D lens. Zhu et al. (2005) found choroidal 
thickening of ~50 µm and thinning of ~40 µm after 2 hours of exposure to  
myopic (+10 D lens) and hyperopic (−8 D lens) defocus respectively. Nickla 
(2007) found a ~ 50 µm increase in choroidal thickness after 1 hour 
exposure to a 10 D myopic defocus. In comparison with chicks, primates 
have shown smaller changes in the choroid associated with defocus 
(Wallman et al. 1995; Wildsoet and Wallman 1995; Hung et al. 2000; Troilo 
et al. 2000). In humans, the choroid was found to be thicker by ~12 µm and 
thinner by ~3 µm after 1 hour exposure to 3 D myopic defocus and 3 D 
hyperopic defocus respectively (Read et al. 2010b). 
A number of studies have reported that myopic defocus has a greater 
influence on the ocular growth than hyperopic defocus, since the choroidal 
thickness changes more rapidly in response to myopic defocus than 
hyperopic defocus (Wallman et al. 1995; Liang et al. 1996; Schmid and 
Wildsoet 1996; Winawer and Wallman 2002; Zhu et al. 2003; Winawer et al. 
2005). It has been found that the choroid from the chicken’s eye 
synthesises more osmotically active molecules, such as 
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glycosaminoglycans (GAG), in the presence of myopic defocus than when 
wearing a control lens or negative lens (hyperopic defocus) (Nickla et al. 
1997). Glycosaminoglycans are highly sulphated, anionic and extremely 
hydrophilic molecules that are thought to contribute to water accumulating 
in the lymphatic lacunae present in the choroid. Therefore, it has been 
hypothesised that the choroidal GAG synthesis may play a role in 
regulating choroidal thickness in response to defocus. 
Alternative hypotheses for choroidal changes are that changes in the tonus 
of non-vascular smooth muscle (De Stefano and Mugnaini 1997) or 
alteration in choroidal blood flow (Fitzgerald et al. 2002) or changes in 
vascular permeability (Pendrak et al. 2000) can alter choroidal thickness. 
Non-vascular smooth muscle cells are present within the choroid and have 
innervations from both sympathetic and parasympathetic inputs (Nickla and 
Wallman 2010).  
2.5.3.3 Sclera and myopia development 
The sclera is a viscoelastic connective tissue that forms the outer layer of 
the eye. It has been generally accepted that the sclera has a significant role 
in regulating axial elongation (Norton and Siegwart 1995). Similar to highly 
myopic human eyes, an overall scleral thinning and ectasia have been 
found in the marmoset and in the tree shrew with myopia development 
(Phillips et al. 2000; Rada et al. 2000). Animal models have examined the 
anatomical and biomechanical changes in the sclera occurring with form 
deprivation myopia (Rada et al. 1994; Wildsoet and Wallman 1995; 
Guggenheim and McBrien 1996).  
Significant changes have been observed in the viscoelastic properties of 
the sclera in tree shrews in response to negative lens or diffuser, thus 
resulting in an increase in the scleral creep rate (i.e. continued elongation 
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under a constant pressure such as intraocular pressure) (Phillips and 
McBrien 1995; Siegwart and Norton 1999). The myopic sclera becomes 
more extensible with an increased creep rate, as biochemical changes alter 
the normal arrangement of scleral collagen lamellae. Therefore, normal 
intraocular pressure in myopic eyes may produce an elongation of the 
posterior globe (Rada et al. 1992; Rada et al. 2006).   
The structural and biochemical changes of the sclera in response to 
hyperopic defocus and form deprivation include a reduction in DNA 
synthesis (Gentle and McBrien 1999), a reduction in the amount and in dry 
weight of type I collagen (McBrien et al. 2001) and a decrease in GAG 
synthesis (Norton and Rada 1995). Guggenheim and McBrien (1996) found 
significant changes in the levels of several mRNAs in tree shrew’s sclera 
with negative lens and form deprivation. However, these biochemical 
components of the sclera returned to normal levels during the recovery 
from form deprivation or negative lens induced myopia, suggesting that 
sclera extracellular matrix remodelling may play a fundamental role in 
ocular growth (Rada et al. 1992; Rada et al. 2000; McBrien and Gentle 
2003).  
2.5.4 Mechanical stress and myopia development 
Other than optical factors, mechanical stress on the globe may also play a 
role in myopia development. Animal studies have found that myopic eyes 
have greater creep extensions in the sclera, and are more vulnerable to the 
stretching influence of mechanical stress, compared to emmetropic eyes 
(Curtin 1969; Phillips and McBrien 1995; Siegwart and Norton 1999; Phillips 
et al. 2000). Similar to animal studies, many human studies have observed 
overall scleral thinning and localized ectasia of the posterior sclera in highly 
myopic eyes (Hsiang et al. 2008; Saka et al. 2010). This overall scleral 
thinning in myopic eyes may be associated with thinning of the collagen 
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fibre bundles as well as with a reduction in the size of the individual 
collagen fibrils (Rada et al. 2006). Therefore, a normal force applied on the 
myopic sclera may cause a greater stretch in comparison with emmetropic 
eyes. There are several mechanical factors that may alter the structural and 
biomechanical properties of the sclera associated with myopia 
development, such as the ciliary and choroidal muscle’s tone, extraocular 
muscle’s forces or intraocular pressure.    
2.5.4.1 Ciliary muscle contraction 
Recent human studies (Drexler et al. 1998; Mallen et al. 2006; Read et al. 
2010c; Woodman et al. 2011) have found a small but significant transient 
axial elongation associated with a short term near accommodation task. 
The transient axial elongation significantly correlates with the 
accommodative stimulus in myopes and emmetropes (Mallen et al. 2006). 
Woodman et al. (2011) measured axial length of the eye with partial 
coherence interferometry immediately following a 5D accommodation task 
and found the highest and statistically significant axial elongation in 
progressing myopes (mean 31µm) compared to stable myopes (mean 14 
µm), and emmetropes (mean 10 µm) after a 30 mins near task. 
Walker and Mutti (2002) found a hyperopic shift of relative peripheral 
refraction, both during and after two hours of sustained near work with a 
moderate level of accommodation (for a 3 D stimulus) compared to the 
baseline (i.e. no accommodation condition), indicating that ocular shape 
may have become more prolate during accommodation. The mechanical 
effects of the ciliary muscle on the choroid during accommodation are 
thought to have an influence on ocular shape. In the context of the ciliary 
muscle contraction and ocular growth, the thickness of the ciliary body may 
have relevance to refractive error development (Walker and Mutti 2002; 
Bailey et al. 2008). Bailey et al. (2008) found thicker ciliary body 
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measurements associated with longer myopic eyes, suggesting that ciliary 
body size may influence the amount of force transmitted to the choroid and 
sclera during accommodation. 
2.5.4.2 Extraocular muscle force 
Many authors have suggested that mechanical stress exerted by the 
extraocular muscles on the sclera could potentially cause axial elongation. 
Donders and Moore (1864) postulated that pressure from the medial rectus 
during convergence may play an important role in causing extension of the 
globe. Bayramlar et al. (1999) observed a substantial change in axial length 
with a high amount of convergence (20 cm target distance), both with and 
without cycloplegia. In contrast, Read et al. (2010a) observed no significant 
change in the axial length of young adults both during and immediately after 
15 mins of sustained 10° convergence.  
Greene (1980) theorized that the oblique muscles, because of their 
attachment sites at the posterior part of the globe nearer to the optic nerve, 
have the capability of producing a significant amount of localized pressure 
on the posterior sclera. The increase in vitreous pressure associated with 
convergence stress was suggested to be sufficient to permanently stretch 
the sclera (Greene and McMahon 1979; Greene 1980). Moreover, the 
scleral stiffness of the posterior pole is only about 60% of that of the 
anterior pole (Friberg and Lace 1988). It has also suggested that 
mechanical stress imposed by the contraction of the extraocular muscles 
can be substantially greater than that of the ciliary muscle (Greene 1980). 
Further research is required to confirm that the forces generated by the 
extraocular muscles are sufficient to temporarily deform the shape of the 
eye. 
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2.5.5 Intraocular pressure 
Intraocular pressure (IOP) is another biomechanical factor that may have a 
direct or indirect influence on myopia development through axial elongation 
of the eye (Greene 1980; Mitchell et al. 1999; McMonnies 2008). Animal 
models have shown that elevations in IOP may be associated with axial 
elongation of the eye (Mohan et al. 1977; Greene and McMahon 1979; De 
Rousseau and Bito 1981; Papastergiou et al. 1998). Recently, Read et al. 
(2011b) found a small but significant axial elongation of the eye associated 
with a short term elevation in IOP in young adults. However, population 
based studies have demonstrated conflicting results regarding the 
association between IOP and myopia development in human eyes 
(Tomlinson and Phillips 1970; Jensen 1992; Quinn et al. 1995; Lee et al. 
2004; Manny et al. 2008). Furthermore, the results of studies using 
adrenergic antagonists to arrest myopia progression by lowering IOP have 
not been consistent (Hosaka 1988; Jensen 1991; Goldschmidt et al. 2009).  
2.5.6 Interventions to slow myopia progression 
 
2.5.6.1 Bifocals / progressive addition spectacle lenses 
There are several studies that have examined the efficacy of bifocal 
spectacle lenses (Parssinen et al. 1989; Jensen 1991; Fulk and Cyert 1996; 
Fulk et al. 2002; Cheng et al. 2010) and progressive addition spectacle 
lenses (PALs) (Edwards et al. 2002; Gwiazda et al. 2003; Berntsen et al. 
2012) compared to single vision spectacle lenses for slowing the 
progression of myopia in children. Although bifocals and PALs were found 
to reduce myopia progression in children over time, the treatment effects of 
these lenses were not always clinically significant. Leung and Brown (1999) 
conducted a 2 year longitudinal study to examine the effect of progressive 
addition lenses on myopic progression in Chinese children. The mean 
myopia progression rate over 2 years of the period were ~35% and ~17% 
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for the single vision and progressive addition lens (+ 2 D addition) wearers, 
respectively. Fulk et al. (2000) examined the treatment effect of bifocal 
lenses to reduce myopia progression compared with single vision 
spectacle. The rate of myopia progression was 20% less with bifocal 
spectacles compared with single vision spectacles in esophoric children. 
Recently, Cheng et al. (2010) reported that prismatic bifocals (a 
combination of base-in prism and bifocals) are effective in slowing the 
progression of refractive error in myopic children. The rate of myopia 
progression after a 2 year trial was ~56% and ~27% less with the prismatic 
bifocals compared with single vision glasses and standard bifocals 
respectively. 
2.5.6.2 Orthokeratology 
Orthokeratology (OK) is a technique of flattening the cornea through the 
use of rigid contact lenses to reduce myopia (Cho et al. 2005). 
Orthokeratology not only reduces myopia but also appears to slow the 
progression of myopia (Cho et al. 2005; Walline et al. 2009; Hiraoka et al. 
2012). Kang and Swarbrick (2011) investigated changes in peripheral 
refraction after OK lens wear in children. OK lens wear reduced central 
myopia, and also converted relative peripheral hyperopia to relative 
peripheral myopia. This peripheral myopic defocus is believed to act as a 
signal that slows myopia progression (Cho et al. 2005; Charman and 
Jennings 2006; Queiros et al. 2010). Cho et al. (2005) found 60% less 
myopia progression in children wearing OK lenses compared to a control 
group, after a 2 year trial. The exact mechanism underlying reduced myopia 
progression with OK lenses is not clear, hence this is an active and ongoing 
area of research. 
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2.5.6.3 Bifocal contact lens 
It has been reported that soft bifocal contact lenses may be used to slow 
myopia progression (Aller and Wildsoet 2008). Twelve year old myopic 
twins were randomly assigned to wear bifocal soft contact lens or single 
vision soft contact lenses for one year. The child wearing the single vision 
soft contact lenses showed myopia progression of –1.19 D, while the child 
wearing bifocal soft contact lenses showed no progression (+0.13 D). Axial 
length data was also consistent with the refractive error changes. This 
result suggested that bifocal lenses had an inhibitory effect on axial 
elongation. 
Another study with a larger population, Anstice and Phillips (2011) 
examined the efficacy of an experimental contact lens (centre distance, 
bifocal desing) in reducing myopia progression in 40 young myopes over 
twenty months. Myopia progression with the bifocal contact lens was 37% 
less than the conventional single vision contact lenses. 
A contact lens has also been designed to add positive power to the 
peripheral optics of the eye (Sankaridurg et al. 2011). This contact lens has 
a central zone to correct foveal refractive error and two peripheral power 
zones (i.e. +1.00 D at 2 mm semichord and +2.00 D at the edge of the 
treatment zone) to induce peripheral myopic defocus. Data from the clinical 
trial showed that myopia progression was 34% less with the contact lenses 
than single vision spectacles at 12 months, after adjusting for parental 
myopia, gender, age, baseline spherical equivalent values and compliance. 
2.5.6.4 Spectacles with peripheral positive power 
Recently, various ophthalmic corrections have been trialled that deliberately 
alter refractive error of the peripheral visual field. Sankaridurg et al. (2010) 
reported the results of myopia progression of 12 months wear of novel 
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spectacle intended to alter peripheral refractive error and a standard single 
vision spectacle. The novel spectacles showed almost 30% less 
progression of myopia in younger children (6-12 years) with parental history 
of myopia, compared with single vision glasses (mean progression −0.97 ± 
0.48 D over 12 months). Recently, Tepelus et al. (2012) showed that the 
radial refractive gradient (RRG) lens with increasing positive power from the 
centre to the periphery, can also reduce ocular growth in the chicken’s eye. 
2.5.6.5 Pharmacological treatment 
Atropine has been shown to be a promising pharmacological agent that 
could potentially reduce myopia progression in children (Yen et al. 1989; 
Shih et al. 1999), but it is not yet widely used for myopia treatment due to 
several potential side effects including photophobia, blurred near vision, 
nausea, dizziness and ventricular fibrillation. Chua et al. (2006) examined 
the treatment effect of 1% atropine compared with placebo treated control 
eyes in children between 6-12 years of age. After 24 months of the trial, the 
mean myopia progression was 3% in the atropine group, and 30% in the 
control group. Shih et al. (1999) investigated the effect of different 
concentrations of atropine on controlling myopia in children. Mean myopia 
progression was −0.04 D/year in 0.5% atropine group, −0.45 D/year in 
0.25% atropine group, and −0.47 D/year in 0.1% atropine group. All groups 
treated with atropine exhibited significantly less myopia progression than 
the control group (−1.06 D/year). The low concentration atropine (0.01%) 
has also found to be effective in controlling myopia that caused almost 60% 
less progression of myopia in children (6-12 years) compared with the 
control group (Chia et al. 2012).  
2.6 Rationale 
Previous studies have shown that myopia is characterized by axial 
elongation of the eye. In the last century, a range of hypotheses have been 
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proposed to explain the mechanism of refractive error development, 
however the exact cause of axial elongation underlying myopia is still 
unknown. While there is evidence to suggest that genetic factors play an 
important role in myopia development, environmental factors can also play 
a significant role. Of the environmental factors, near work is one of the 
important factors thought to have an apparent influence on myopia 
progression. Figure 2.6 is a summary of some of the theories of the 
mechanism of myopia development associated with near work.  
 
Figure 2.6: A flowchart of the various hypothetical mechanisms for myopia 
development associated with near work. 
A typical near task (e.g. reading) involves accommodation, convergence 
and downward gaze. While numerous studies have investigated changes in 
the optics of the eye with accommodation in primary gaze, studies 
investigating the changes in ocular optics in downward gaze are limited. 
The effects of downward gaze may be different from primary gaze due to 
biomechanical forces (e.g. eyelid pressure on the corneal surface, 
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extraocular muscle’s forces on the globe) and gravitational effects on the 
eye. Therefore, to better understand these factors, we measured corneal 
and total aberrations of the eye in primary and downward gaze, with 
accommodation, using purpose-built clinical instruments and methods.  
To investigate possible biomechanical contributions to myopia associated 
with near work, previous studies have measured axial length during 
convergence in primary gaze. While it has been hypothesised that 
biomechanical stress exerted by the oblique extraocular muscles may play 
an important role in eye growth through scleral deformation (Greene 1980), 
it is worthwhile to investigate axial length changes of the eye in infero-nasal 
gaze direction under the action of the extraocular muscles, since typical 
near work may involve convergence in downward gaze. 
The aim of this thesis is to provide new insights into the optical and 
biometric changes in the eye during typical near tasks and to explore the 
potential differences in these changes associated with downward gaze. By 
measuring these changes in the eye over a period of time, it was hoped to 
better understand some of the dynamic changes occurring in the eye during 
near tasks. We hypothesised that the optical and biometric changes in the 
eye occurring with accommodation may be greater in downward gaze due 
to the increased biomechanical forces influencing the eye in downward 
gaze (i.e. gravity, extraocular muscle tension and lid pressure) and that 
biomechanical changes in the sclera associated with myopia may lead to 
more pronounced biometric changes in downward gaze in myopic subjects. 
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Chapter 3 
3 A technique to measure wavefront aberrations in downward 
gaze  
3.1 Introduction 
The measurement of ocular aberrations provides important information in 
both ophthalmic research and clinical practice. Aberrations of the eye can 
be measured as wavefront aberrations, transverse aberrations or 
longitudinal aberrations (Atchison 2005b). The wavefront aberration 
function is the most widely used method to quantify the aberrations of the 
eye in vision research. Over the last few decades, several techniques have 
been developed to measure ocular wavefront aberrations. The aberrations 
of the human eye can be measured subjectively (Howland and Howland 
1977) or objectively (Walsh et al. 1984; Liang et al. 1994). The Shack-
Hartmann wavefront sensor is currently the most reliable and practical 
technique to objectively measure ocular aberrations (Liang et al. 1994).   
Ocular wavefront aberration measurements are usually captured from the 
eye in primary (horizontal) gaze viewing a far target. However, this does not 
replicate the natural viewing conditions of human eyes for many tasks such 
as near work or reading that typically involve binocular viewing and near 
focus (accommodation) in downward gaze. A number of studies have 
shown that changes in horizontal gaze have no significant influence on the 
optics of the eye compared to primary gaze (Radhakrishnan and Charman 
2007b; Prado et al. 2009), however these studies have not investigated 
changes in ocular optics in downward gaze. A range of biomechanical 
changes may occur when we adopt a downward gaze that could result in 
changes of ocular aberrations. The eyelid aperture has been shown to 
Chapter Three
62 
 
narrow in downward gaze leading to changes in corneal aberrations 
(Buehren et al. 2003a). Cyclotorsion is a rotation of the eye around the 
visual axis and this can change with vertical eye movements (Mok et al. 
1992) and when changing from monocular to binocular viewing (Tjon-Fo-
Sang et al. 2002). It is also conceivable that gravitational forces could alter 
the shape, location or alignment of the optical components of the eye 
during downward gaze (Glasser and Kaufman 1999; Kasprzak and 
Pierscionek 2002). 
Given that many normal visual tasks are performed binocularly in 
downward gaze, it is of interest to be able to measure ocular aberrations 
under these natural viewing conditions. To achieve this, we have modified a 
commercially available aberrometer (COAS-HD) with a relay lens system 
and a rotatable beam splitter (hot mirror) to allow measures of aberrations 
of human eyes in both primary and downward gaze and to allow subjects to 
fixate an open field target with both eyes (binocularly) during the wavefront 
measurements.  
 
3.2 Methods 
3.2.1 Instrumentation 
The Complete Ophthalmic Analysis System (COAS-HD, Wavefront 
Sciences, USA) is a commercially available aberrometer, based on the 
Shack-Hartmann principle that has been validated for the purpose of clinical 
use with both human and model eyes (Cheng et al. 2003b). 
We modified this Shack-Hartmann aberrometer (COAS –HD) to allow 
measurement of on axis ocular aberrations in primary and downward gaze 
under natural viewing conditions. A diagram of this optical system is shown 
in Figure 3.1. The first component of this system, a protected gold coated 
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mirror (M1) (50.8 mm diameter) was placed in front of the wavefront sensor 
at an angle of 45 degrees which reflected the infrared measurement beam 
from the wavefront sensor (shown in Figure 3.1). This mirror had 95% 
reflectivity for infrared wavelength ranging from 800 nm to 10 µm. A pair of 
+10 D achromatic doublets (L1 and L2) with focal lengths of 100 mm was 
used to maintain the afocal optical system and relay the emerging 
wavefront to the next optical surface, the hot mirror (M2). The distance 
between the centre of L1 and L2 (200 mm) determines the magnification of 
the pupil, which is 1× in this optical system. These lenses had an anti-
reflection coating for the wavelength of 600-1050 nm and this feature 
reduced the risk of energy loss of the infrared beam from the wavefront 
sensor.  
The infrared rays coming from the wavefront sensor through the relay lens 
system were redirected towards the subject’s eye (OS) by reflection from 
the surface of the hot mirror (M2) (50.0 mm diameter) placed in front of 
subject’s left eye at an angle of 45 degrees. The hot mirror reflected the 
infrared wavelengths ranging from 750-1200 nm and transmitted the visible 
wavelengths from 450-645 nm.  
After light passes through the relay system, the COAS was aligned and 
focused on the aerial image of the entrance pupil. As both mirrors (M1 and 
M2) were placed parallel to each other, M1 placed 45 degrees to wavefront 
sensor, M2 placed 45 degrees to the subject’s eye, it is apparent that we 
can achieve an on-axis aberration profile of the tested eye by using this 
relay system. However, an accurate subjective alignment with the free 
space target is necessary to maintain the on-axis measurement. As our aim 
was to measure wavefront aberrations with binocular fixation on a free 
space target, trial frames were attached behind the hot mirror and outside 
of the measurement beam to achieve distance refractive corrections of both 
eyes (Figure 3.1). 
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Figure 3.1: Schematic diagram (A) and photograph (B and C) of COAS-HD 
relay system. 
Along with primary gaze measures, this instrument was also developed to 
measure aberrations in downward gaze. Initially, the hot mirror was 
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mounted with an articulated socket adapter as this can be rotated towards 
downward gaze (Figure 3.2A). During downward gaze measurements, we 
rotated the M2 mirror (Z axis) at 25 degrees downwards; however, the Y 
axis of the mirror was still maintained at a 45 degree angle to the subject’s 
eye and relay lens system. However, this hot mirror rotation technique was 
not very robust for a few reasons: i) the working distance between the 
subject’s eye and relay lens changes in downward gaze after hot mirror 
rotation, compared to the primary gaze, ii) as the hot mirror was not 
attached to a rotating scale, there was a high possibility of inter-subject 
variability in viewing angle in downward gaze. To solve these problems, the 
hot mirror (M2) was then mounted on a custom built mirror mount (Figure 
3.2B). This mount was fixed with a vertical rotator scale in such a way that 
the geometrical centre of the hot mirror (M2) rotated along the axis of the 
measurement beam. With a downward rotation of the mirror M2, there was 
a vertical angular translation (upward direction) of the measurement beam 
that reflected from the hot mirror surface (M2). The eye had to rotate in a 
downward direction (same angle of rotation as M2) to align the line of sight 
and measurement beam. This technique allowed us to measure on-axis 
aberrations of the eye in downward gaze.     
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Figure 3.2: Hot mirror rotation using an articulated socket adapter (A) and 
using a custom built mirror mount (B). 
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In addition to the hot mirror rotation, translational movements (vertically 
upwards and horizontally inward) of the chinrest were required to keep 
alignment between the line of sight, internal target of the wavefront sensor 
and centre of the external target (Maltese cross) while the subject looks 
down with a viewing angle of 25 degrees. Therefore, a chin rest was placed 
on an XYZ translation stage so that we can align the subject’s line of sight 
and measurement axis and maintained the conjugate focal plane of the 
optical system with the relay system.  
 
Figure 3.3: Geometrical relation between hot mirror and test eye in primary 
and downward gaze. 
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From Figure 3.3 we can derive the following equation: 
                                          Y = D tan (β)                                                  (3.1)                              
where Y = upwards movement of chinrest 
D = distance between entrance pupil of eye and geometrical centre of the 
hot mirror.    
 β = Viewing angle 
If the viewing angle is 25 degree and D = 4 cm  
  then, Y = 4 Tan ( 25°) 
               =   1.87 cm 
So, in this example we would increase the chin rest height by 1.87 cm to 
maintain the optimal optical alignment during the downward gaze 
measurements. 
During measurements with this system, the eye was made visible on the 
video screen of the COAS computer by using additional infrared LED lights 
(940 nm) mounted near the tested eye (Figure 3.4). This arrangement 
allowed us to use the normal COAS-HD focusing and alignment techniques 
during the measurements. The level of energy at the position of the eye 
with the original COAS-HD and with the modified COAS-HD relay setup 
were measured using a power meter (Newport, model 1815) and the 
difference between them was small (less than 10 microwatts), suggesting 
minor light loss.  
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A. Primary gaze B. Downward gaze
 
Figure 3.4: Inverted images of the eye that were made visible on the video 
screen of the COAS computer during the measurements of wavefront 
aberrations in primary gaze (A) and downward gaze (B) through the relay 
system. 
3.2.2 Validation 
Nine young adult subjects aged between 25 and 32 years (mean age 28 
years) were recruited for this study. All subjects were free of any significant 
ocular disease and had no history of eye surgery. Approval was obtained 
from the University Human Research Ethics Committee prior to the 
commencement of the study. Subjects were treated in accordance with the 
declaration of Helsinki. All subjects had best corrected visual acuity of 
logMAR 0.00 or better in both eyes. Mean (± SD) spherical equivalent 
refraction was −0.85 ± 1.67 DS (range from +0.25 to −4.75 DS). None of 
the subjects had anisometropia greater than 1.00 DS, or astigmatism 
greater than 0.75 DC. Wavefront aberrations of each subject’s left eye were 
measured using the conventional aberrometer (without a relay system) and 
the COAS-HD relay system in primary gaze. Subjects were given their full 
distance refractive error correction (sphero-cylinder) during wavefront 
measurements, taking into account the vertex distance of the trial lenses. 
All measurements were performed through the subjects’ natural pupils. 
During the measurement with the relay system, the subject was asked to 
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look at a distant (5 m) Maltese cross target with both eyes. The chin rest 
position was then adjusted (vertically and horizontally) until the centre of the 
cross target coincided with the centre of the COAS-HD fixation target that 
was visible via the hot mirror surface. Therefore, the centre of the COAS-
HD target and the centre of the Maltese cross were co-axial with the line of 
sight of the subject’s tested left eye (OS). This alignment ensured that we 
were measuring the on-axis aberrations of the subject’s left eye. The chin 
rest and COAS-HD (if necessary) were then moved back and forth to focus 
the wavefront sensor on the iris plane, thus maintaining a conjugate focal 
relationship between the subject’s entrance pupil and the optical system of 
the COAS-HD. Finally, wavefront measurements were taken of the 
subject’s left eye in the unaccommodated condition, fixating on the distant 
(5 m) free space high contrast Maltese cross target. As the wavefront 
aberrations of the eye exhibit temporal microfluctuations (Collins et al. 
1995b) we collected multiple wavefront measurements (4×25 frames) from 
each subject for primary and downward gaze. Each set of 25 
measurements takes about 2.5 seconds (i.e., ~ 10 Hz measurement 
frequency). 
 
 
We were also interested to measure ocular aberrations in downward gaze. 
The hot mirror (M2) was secured to a custom built mirror mount and a 
vertical rotating scale, so that the geometric centre of the hot mirror (M2) 
rotated along the axis of the measurement beam. The downward rotation of 
the hot mirror M2 produced an upward rotation of the measurement beam. 
The hot mirror was rotated by 25 degrees so that the subject looked down 
at this angle and to keep alignment between the line of sight, internal target 
of the aberrometer and centre of the external target (Maltese cross), the 
chinrest was shifted (in upward and inward directions). The external 
Maltese cross target was made visible via a mirror. The vertical axis of this 
mirror was rotated to shift the Maltese cross target from primary to 
downward gaze (Figure 3.1). Similar to the primary gaze technique, 
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subjects had to align the internal and external targets before taking 
measurements in downward gaze to ensure on-axis measurements were 
acquired. 
While studies have shown no significant variation in ocular aberrations with 
horizontal gaze (Prado et al. 2009), we hypothesized that downward gaze 
might be different due to lid pressure (Buehren et al. 2003a; Collins et al. 
2006b; Shaw et al. 2008; Shaw et al. 2009), gravitational effects (Glasser 
and Kaufman 1999; Kasprzak and Pierscionek 2002), or perhaps some 
differences in the biomechanical forces exerted from the extraocular 
muscles. 
 Along with the human eyes, we also measured aberrations from a model 
eye in primary gaze and downward gaze using the relay lens system to 
verify that the changes in aberrations found in human eyes in downward 
gaze were real effects (i.e., optical and physiological changes) rather than 
representing artefacts induced from the measurement technique (Figure 
3.5). Known spherical and cylindrical lenses of three different combinations 
of powers and axes (Lens A = −2.50DS/−3.00 DC × 180;                        
Lens B = −3.5DS/–1.25DC × 130; Lens C = +2.00DS / −3.00DC × 30) were 
added to the model eye. We placed the model eye on a rotational stage 
which was fixed to the chinrest of the COAS-HD relay system. During the 
downward gaze measurements the model eye was rotated 25 degrees in 
the downward direction to simulate the measurements taken with real eyes.  
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Figure 3.5: Measurement of wavefront aberrations from a physical model 
eye in primary gaze (A) and downward gaze (B) using a COAS-HD relay 
system. 
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3.2.3 Analysis 
For both human and model eyes, Zernike polynomials up to the 8th radial 
order were fit to the wavefront measurements by the COAS software using 
the nomenclature recommended by the Optical Society of America (OSA) 
(Thibos et al. 2000). We rescaled the wavefront data for a fixed 5.0 mm 
pupil diameter using a method of Schwiegerling (Schwiegerling 2002). A 
Matlab based algorithm was used to detect and delete Shack-Hartmann 
frames with artefacts that included blinking, poor stability of the subject’s 
head and poor tear film quality (Iskander et al. 2004b). The time span of a 
typical blink for the healthy eye of a subject is about 250 msec (Doane 
1980). In this study, short term continuous measurements of wavefront 
aberrations (2.5 secs) reduced the possibility of substantial artefacts in the 
time course of the Zernike polynomial terms, since subjects were instructed 
to blink just prior to Shack-Hartmann measurements being acquired.   
The presence of the relay lens system caused the wavefront to be inverted 
in primary gaze. In downward gaze, there was an additional rotation of the 
wavefront because of the hot mirror rotation. Therefore, we rotated the 
wavefront (Lundstrom and Unsbo 2007) to its original position using custom 
written software (Matlab based) and then compared this with the data 
obtained from original COAS-HD system. A simple rotation of the wavefront 
affects only the angular coordinate, θ = θ′ +  θr 
 
                                 ρ eiθ = ρ′ei(θ+θr) P                                                     (3.2) 
 
Where θr is the angle of rotation shown in Figure 3.6 
ρ = radial cordinate, eiθ = a constant  
Therefore,  
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                                              𝜌𝑛 𝑒𝑖𝑚𝜃 = 𝑒𝑖𝑚𝜃𝑟𝜌′𝑛𝑒𝑖𝑚𝜃′                             (3.3) 
 
 
Figure 3.6: Geometrical representation of the wavefront’s rotation. 
For human eyes, in order to correct any cyclotorsion in eye position, the iris 
images from the wavefront sensor in primary and downward gaze were 
analysed for each subject. Initially, to determine corresponding points in the 
images, a set of uniquely identifiable points, known as the control points, 
were manually selected by the operator from each image. The operator 
used the iris landmarks as the control points in both images. Three sets of 
control points were selected from the two images, and then image 
transformation was applied. We determined a transformation function f (x, 
y) with the components fx (x, y) and fy (x, y) that satisfy Eq. (3.4). 
 
                                      
( , )
( , ), 1.......,
i
i
X fx xi yi
Y fy xi yi i N
=
= =
                                 (3.4)                        
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Once f (x, y) was determined, given the coordinates of a point (x, y) in one 
image, the coordinates of the corresponding point in the other image was 
also found. For this study the transformation function, f (x, y), was assumed 
to be a “similar transformation”. The similar transformation was described 
by Eq. (3.5). 
                                    ( cos sin )
( sin cos )
X s x y
Y s x y
θ θ
θ θ
= −
= +
                                        (3.5) 
 s, θ, are scaling and rotational differences between the images, 
respectively. These four parameters were determined if the coordinates of 
two corresponding control points in the images were known. The rotational 
difference between the images was determined from the angle between the 
lines connecting the two points in the images. The scaling difference 
between the images was determined from the ratio of distances between 
the points in the images. The final values of scaling and rotation were 
derived as the mean values from all three points. An overview of the 
rotation of the human eye’s wavefronts obtained from COAS-HD relay 
setup in primary and in downward gaze is explained by a flowchart diagram 
in Figure 3.7.
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Figure 3.7: Flow chart of wavefront rotation technique to compensate for an inverted image through the COAS-HD relay 
system, eye rotation due to hot mirror tilt and a unique cyclotorsion of the eye associated with downward gaze.
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3.3 Results 
3.3.1 Primary gaze 
The orthogonal refractive power vector components (M, J0 and J45) were 
determined from the refractive Zernike power polynomials (Iskander et al. 
2007). For human eyes, the mean differences between the measurements 
of refractive components obtained from the conventional aberrometer and 
from the COAS-HD relay system in primary gaze were small: spherical 
equivalent (M) −0.09 ± 0.17 D, horizontal / vertical astigmatism (J0) −0.02 ± 
0.05 D and oblique astigmatism (J45) −0.03 ± 0.03 D. Figure 3.8 shows the 
results of correlation of data obtained with the conventional aberrometer 
and the COAS-HD relay system in terms of refractive components (M, J0 
and J45) from the 9 eyes.  
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Figure 3.8: Correlations between the refractive components obtained from 
the conventional aberrometer and from the COAS-HD relay system in 
primary gaze. Solid black lines represent the linear regression and dashed 
red lines represent the 95% confidence bounds. 
The mean differences of the major higher order coefficients between the 
measurements obtained from the conventional aberrometer and the COAS-
HD relay system were also small: vertical trefoil C(3,−3) 0.020 ± 0.034 µm 
(R2 = 0.91, p = 0.004), horizontal trefoil C(3,3) 0.014 ± 0.020 µm ((R2 = 0.97, 
p < 0.001), vertical coma C(3,−1) -0.014 ± 0.031 µm (R2 = 0.98, p < 0.001) 
horizontal coma C(3,1) −0.020 ± 0.035 µm (R2 = 0.92, p = 0.003) and 
primary spherical aberration C(4,0) −0.013 ± 0.027 µm (R2 = 0.94, p < 
0.001). 
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We also examined the test-retest repeatability of the measurements with 
the relay system by taking 6 independent measures (10 frames per 
measure) on the same three subjects in primary gaze after deliberately 
misaligning and realigning the instrument between each measure. We 
found small mean differences and strong correlations between the two sets 
of measurements. As examples, the mean differences of defocus C(2,0), 
spherical aberration C(4,0) and total higher order RMS between the two 
sets of measurements were −0.014 µm (R2 = 0.99, p < 0.001), −0.004 µm 
(R2 =0.89, p < 0.001) and −0.002 µm (R2 = 0.94, p < 0.001), respectively. 
3.3.2 Downward gaze 
3.3.2.1 Model eye 
As we were interested to measure aberrations in downward gaze, it was 
important to ensure that rotation of the hot mirror during downward gaze 
measurement did not lead to any potential error in lower or higher order 
wavefront terms. Therefore, we calculated Pearson’s correlation of second 
order and major higher order coefficients between the measurements 
obtained from the COAS-HD relay system in primary and downward gaze 
for the model eye (Table 3.1).   
Strong correlations were found between the measurements obtained 
through the relay system in primary and downward gaze indicating that the 
hot mirror rotation did not introduce any unwanted astigmatism or coma 
(Table 3.1). As we maintained the distance between the hot mirror and the 
corneal apex, there were no significant changes in defocus between the 
primary and downward gaze measurements.  
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Table 3.1: Mean differences (MD), standard deviation (SD) and Pearson’s 
correlation (R2) of major refractive components (i.e. typically greater in 
magnitude than the other components) of the model eye between primary 
and downward gaze (25 degrees) obtained through the COAS-HD relay 
system. Lens ‘A’ was used in front of the model eye to provide data for the 
correlation. 
 
Coefficients Mean differences (µm) 
SD 
(µm) R
2 
Oblique astigmatism C(2,−2) −0.013 0.009 1.00 
Defocus C(2,0) −0.003 0.002 0.99 
WTR/ATR astigmatism C(2,2) 0.028 0.020 0.99 
Vertical coma C(3,−1) 0.004 0.003 0.78 
Horizontal coma C(3,1) −0.001 0.001 0.83 
Spherical aberration C(4,0) <0.001 <0.001 0.99 
 
3.3.2.2 Human eyes 
Analysis of ocular wavefronts revealed that three wavefront coefficients 
were significantly different from primary gaze to downward gaze (Figure 
3.9). Of the lower order aberrations, defocus C(2, 0) was shifted in the 
myopic direction (mean difference ± SD 0.150 ± 0.199 µm, paired t-test p = 
0.04) and primary astigmatism C(2, 2) was shifted in the direction of 
against-the-rule (ATR) astigmatism (mean difference ± SD −0.088 ± 0.101 
µm, paired t-test p = 0.030). Changes in higher order aberrations (HOAs) 
were smaller compared to the changes in lower order aberrations. Of the 
HOAs, a statistically significant change was observed only in vertical coma 
C(3, −1) (mean difference ± SD 0.0181± 0.020 µm, paired t-test p = 0.02) in 
downward gaze compared to primary gaze.   
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Figure 3.9: Group mean ± SD (n = 9) changes of ocular aberrations in 
downward gaze (25 degrees) compared to primary gaze for 5.0 mm fixed 
pupil diameter. * = Paired t-test (p < 0.05). 
3.4 Discussion 
In this study we have developed a technique to measure wavefront 
aberrations with open field binocular fixation, in both primary and downward 
gaze, by modifying a commercially available Shack-Hartmann wavefront 
sensor (COAS-HD) with a relay lens system. The lower and higher order 
aberrations from human eyes and a model eye measured with the COAS-
HD relay system were comparable with those measured with the 
conventional COAS-HD aberrometer. We found that the COAS-HD relay 
system could reliably measure defocus, astigmatism and higher order 
aberrations both in primary and downward gaze.    
Measurement of ocular aberrations in downward gaze should provide a 
better understanding of the optical characteristics of the human eye during 
reading. In this study, we found small but statistically significant changes in 
lower order and higher order aberrations of the eye in downward gaze 
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compared to primary gaze for a distant target. We observed changes of 
defocus [C(2, 0)], primary astigmatism [C(2, 2)] and vertical coma [C(3, −1)] 
during downward gaze. A previous study found a similar trend for changes 
in corneal optics after reading in downward gaze (Buehren et al. 2003a). 
Apart from understanding the optical characteristics of the eye in downward 
gaze, the COAS-HD relay system has several other potential applications. 
It could also provide important information about wavefront aberrations in 
downward gaze through ophthalmic corrections such as spectacles and 
contact lenses (Appendix 1). 
3.5 Conclusion 
A technique was developed to measure wavefront aberrations in downward 
gaze under natural viewing conditions using a modified Shack-Hartmann 
wavefront sensor. Measurements with this modified wavefront sensor were 
validated against a conventional wavefront sensor. Small but statistically 
significant changes in defocus, astigmatism and higher order aberrations of 
the human eye were found in downward gaze compared with primary gaze. 
Future studies extending this preliminary work will provide insight in to the 
dynamic characteristics of the optics of the human eye during a near task in 
downward gaze under natural viewing conditions. 
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Chapter 4 
4 Influence of downward gaze and accommodation on ocular 
aberrations over time 
4.1 Introduction 
Since many normal visual tasks are undertaken in downward gaze with 
accommodation, we modified a Shack-Hartmann wavefront sensor to allow 
free space measurements of the optical characteristics of the eye in these 
conditions (Chapter 3). A number of studies (Radhakrishnan and Charman 
2007b; Mathur et al. 2009b; Prado et al. 2009) have found minimal changes 
in the optics of the eye with changes in horizontal gaze, however none have 
investigated the optical characteristics of the eye in downward gaze. 
Downward gaze may yield different outcomes due to the differences in 
biomechanical forces (e.g. extraocular muscles or eyelid forces) and 
gravitational effects acting on the components of the eye. 
Accommodation is known to cause a substantial change in some aspects of 
ocular aberrations. These changes typically include a systematic decrease 
in spherical aberration with increasing accommodation (Smirnov 1961; 
Atchison et al. 1995; Abbott et al. 1998; He et al. 2000; Cheng et al. 2004) 
and changes in astigmatism (Tsukamoto et al. 2000; Mutti et al. 2001; 
Radhakrishnan and Charman 2007c) and third order coma (Atchison et al. 
1995; Cheng et al. 2004) with accommodation. The most likely source of 
these changes in the optical characteristics of the eye during 
accommodation is the optics of the crystalline lens during accommodation, 
since the cornea shows little evidence of change with accommodation, 
when the cyclotorsion of the eye is taken into consideration (Buehren et al. 
2003b; Read et al. 2007).  
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In downward gaze, the narrower vertical palpebral aperture induces subtle 
but distinctive changes in astigmatism and higher order aberrations (HOAs) 
of the eye (Buehren et al. 2003a; Collins et al. 2006c). These changes have 
been evaluated immediately following short term (Shaw et al. 2008) and 
longer term (Buehren et al. 2003a) downward gaze tasks, but never during 
the downward gaze task. There is also evidence that a longer time in a 
downward gaze task does exacerbate the magnitude of corneal change 
that is associated with eyelid pressure (Buehren et al. 2003a; Collins et al. 
2006c). 
Therefore, we were motivated to better understand the optics of the eye in 
a downward gaze task with accommodation, since this represents the 
natural conditions for many near tasks. We measured ocular aberrations in 
both primary and downward gaze (25 degrees), in binocular viewing 
conditions, with natural pupils at two levels of accommodation (0.2 D and 
2.5 D) using a custom-built Shack-Hartmann aberrometer system over a 
period of time (10 mins task followed by 10 mins recovery). We chose to 
make the measurements both during and after the near, downward gaze 
task to investigate the time course of any changes that may occur in the 
optics of the eye and to understand the recovery characteristics of these 
changes. Again, we reasoned that many visual tasks involve sustained 
periods of viewing and therefore the appropriate methodology should 
involve periodic measurements of the eye’s optics over time. 
4.2 Methods 
4.2.1 Subjects 
Twelve emmetropes (4 Asian and 8 Caucasian) and 14 myopes (7 Asian 
and 7 Caucasian) aged between 19 and 30 years (mean age 25 years) 
were recruited for this study. A sample size of 30 provided 80% power to 
detect a 0.1 ± 0.05 D change in refractive power in downward gaze. 
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All subjects were free of any significant ocular diseases and had no history 
of eye surgery. All subjects had best corrected visual acuity of log MAR 
0.00 or better in both eyes.  Mean spherical equivalent of myopic subjects 
was –3.26 ± 1.60 DS and the emmetropes subjects was –0.29 ± 0.36 DS. 
Myopes were recruited who had evidence of at least 0.50 DS progression 
of myopia within the past 2 years, since we thought that progressing 
myopes may have different responses to stable myopes. Progression data 
was obtained from the subject’s eye care practitioner if the details were not 
known by the subject. None of the subjects had anisometropia greater than 
1.00 DS, or astigmatism greater than 1.50 DC. Approval was obtained from 
the University Human Research Ethics Committee prior to the 
commencement of the study. Subjects were treated in accordance with the 
Declaration of Helsinki. 
4.2.2 Apparatus 
A modified Shack-Hartmann wavefront sensor was used to measure ocular 
aberrations in primary gaze and downward gaze (25 degrees). The working 
principle, measurement technique and validation of this modified system 
are explained in detail in Chapter 3. The system allowed binocular fixation 
on a free space, high contrast Maltese cross target with various levels of 
accommodation in different angles of gaze. Multiple measurements of 
wavefront aberrations (total of 4 measures × 25 frames = 100 frames in 
total) from the subject’s left eye were taken during four different test 
conditions: (I) no accommodation (0.2 D) in primary gaze, (ii) no 
accommodation (0.2 D) in downward gaze, (iii) 2.5 D accommodation in 
primary gaze, and (iv) 2.5 D accommodation in downward gaze, using the 
modified wavefront sensor. The order of testing the conditions was 
randomized (Latin square design) to avoid the potential for systematic bias 
in the results. 
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4.2.3 Study protocol 
4.2.3.1  Correction of refractive error during testing 
Subjects were given their full distance refractive error correction (sphero-
cylinder) during each of the testing conditions. The vertex distance of the 
trial lenses was considered to determine the appropriate refractive error 
correction. The refractive error correction was placed in the form of trial 
lenses mounted in the optical path to the fixation target (Maltese cross) and 
TV monitor, but outside the measurement beam path to the COAS 
wavefront sensor. This was necessary, since the spectacle magnification of 
the refractive error correction may slightly alter the apparent size of 
entrance pupil diameter used by the COAS wavefront sensor to calculate 
the wavefront aberrations of the eye, if the correction was placed in the 
beam path between the eye and wavefront sensor. In all of the 
accommodation conditions, target distance was adjusted for spectacle lens 
effectivity for each subject. Mutti et al’s (2000a) thin lens formula was used 
to determine the spectacle effectivity power for each subject so that the 
accommodative stimulus was constant for all subjects. 
 
AS = 1 1
1
𝐷𝐿𝐸−𝐷𝑇𝐸+   𝐿𝐸𝑁𝑆 −𝐷𝐿𝐸  −  𝑅𝑥 𝑐𝑜𝑟𝑛𝑒𝑎                                                      (4.1)             
 
Where,  
AS = accommodative stimulus 
Rx cornea = refractive error at corneal plane 
DLE = vertex distance (m) 
DTE = distance from the target to cornea (m) 
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4.2.3.2 Wavefront measurement procedure  
For each test condition, the subject was asked to focus on a Maltese cross 
target with binocular fixation while wavefront measurements were taken 
from the left eye. The subject’s head position was adjusted (vertically and 
horizontally) until the centre of the Maltese cross target coincided with the 
centre of the wavefront sensor fixation target. Therefore, the centre of the 
wavefront sensor target and the centre of the Maltese cross were co-axial 
with the line of sight of the subject’s tested left eye (OS). This alignment 
ensured that we were measuring the on-axis aberrations of the subject’s left 
eye. The subject was asked to keep the Maltese cross target “as clear as 
possible” throughout the measurement protocol. The subject was asked to 
blink and then to view the fixation target while 25 frames of wavefront 
measures were acquired with the modified wavefront sensor (approximately 
2.5 secs of recording). The subject was asked to blink again and the 
measurement of 25 frames were repeated (total of 4 measures × 25 frames 
= 100 frames in total). The measurement was repeated if the subject 
blinked or reported “losing focus”. The subject was instructed to keep their 
eyelids in the natural position during wavefront measurements (i.e., “not to 
open their eyes wide”). This was done to ensure that the natural influence 
of the eyelids on the eye was maintained during the wavefront 
measurements. The intention of this measurement procedure was to 
capture the optical characteristics of the eye in their natural state during 
primary and downward gaze, both with and without accommodation. To 
minimize the potential influence of diurnal changes in corneal optics (Read 
and Collins 2009), we ensured that subjects had woken at least 2 hours 
before the measurement session. 
In order to standardize the ocular parameters prior to the measurements in 
each experimental condition, a control task involving constant binocular 
viewing of a distant target (watching TV at 5 m) in primary gaze for 10 mins 
was performed by each subject. At the end of the 10 mins control task, 
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ocular aberrations of the left eye were measured in primary gaze with 
binocular distance fixation using the modified wavefront sensor. During 
wavefront measurements, the fixation was controlled by pausing the DVD 
being viewed on the TV and asking the subject to fixate on a high contrast 
Maltese cross target displayed on the TV screen. The four different 
experimental conditions (accommodation and gaze combinations) are listed 
below and the full experimental procedures are outlined in Figure 4.4. 
4.2.3.2.1 No accommodation (0.2 D) primary gaze condition 
In this condition, the subject watched TV binocularly at a 5 m distance in 
primary gaze for 10 mins duration. After 0 min (i.e., immediately after 
commencing the task), 5 mins and 10 mins from the starting time (watching 
TV) we took the measurements of ocular aberrations using the modified 
wavefront sensor with binocular vision and with fixation on the free space 
target (Maltese cross at 5 m) (Figure 4.1). To observe the recovery of the 
optical characteristics of the eye following each test condition, the subject 
again looked in primary gaze and watched TV at 5 m (control task) for a 
duration of 10 mins. Measurements were carried out over this recovery 
period at time 0 mins (i.e., immediately after commencing the recovery task 
of primary gaze and no accommodation), 5 mins and 10 mins after 
commencing the recovery period. The subject remained in the headrest 
throughout each 30 mins testing session that included the control task (10 
mins) and test condition (10 mins) and recovery condition (10 mins). For 
this particular condition, the control task, the test condition and the recovery 
period all involved the same visual conditions (i.e., primary gaze, with no 
accommodation viewing a TV at 5 m). 
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Figure 4.1: Measurements of wavefront aberrations through the COAS-HD 
relay system in primary gaze with no accommodation (0.2 D). 
4.2.3.2.2 No accommodation (0.2 D) downward gaze condition 
 In this test session, subjects again performed the control task (10 mins 
distance viewing of TV in primary gaze) before beginning the next test 
condition. During this condition, ocular aberrations were measured for 
downward gaze (25 degrees) while the subject watched TV in downward 
gaze at a 5 m distance via a mirror. The same 30 mins measurement 
protocol was followed during the control, test and recovery periods. 
4.2.3.2.3 2.5 D accommodation primary gaze 
In this condition, the subject’s task involved near work with a 2.5 D 
accommodation stimulus level (watching a movie on a small digital display) 
in primary gaze (Figure 4.2). In all of the accommodation conditions, the 
target distance was adjusted so that the accommodative stimulus was 
constant for all subjects. This adjustment was based on the spectacle lens 
effectivity power for each subject (Mutti et al. 2000a).   
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Figure 4.2: Measurements of wavefront aberrations through the COAS-HD 
relay system in primary gaze with 2.5D accommodative stimulus. 
4.2.3.2.4 2.5 D accommodation downward gaze 
In this condition, the subject watched a movie on the screen of a small 
digital display in 25 degrees downward gaze at a 2.5 D accommodation 
level (Figure 4.3). An identical protocol was followed as the previous 
condition (2.5D accommodation primary gaze) except that the 
measurements of ocular aberrations using the modified wavefront sensor 
were taken at 25 degree downward gaze rather than primary gaze. A break 
of 10 minutes was provided to all subjects after the completion of each 
testing condition, and they were instructed not to perform any sustained 
near or downward gaze tasks during this time.   
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Figure 4.3: Measurements of wavefront aberrations through the COAS-HD 
relay system in the 25° downward gaze with 2.5 D accommodative 
stimulus. 
4.2.3.3 Stimulus conditions 
The TV monitor used at a 5 m viewing distance was a high definition 
plasma screen with horizontal and vertical dimensions of 92 cm and 55 cm 
(visual angle of 11 x 6 degrees). The screen luminance was approximately 
20 cd /m 2. The pocket-size device used for near viewing distances was a 
liquid crystal display (LCD) screen with horizontal and vertical dimensions 
of 5.4 cm and 7.5 cm (visual angle of 11 x 8 degrees), similar to the visual 
angle subtended by the TV monitor for far viewing. The screen luminance 
for the LCD was also approximately 20 cd/m 2. The room illuminance for all 
testing conditions was set to mesopic levels of 1 lux to maximize the pupil 
size during the wavefront measurements. 
 
Chapter Four
92 
 
 
Figure 4.4: Flowchart of the experimental procedures, illustrating the 
different visual tasks performed and timing of the measurements. Note that 
the order of performing each of the tasks in step 2 was randomised. 
4.2.4 Morphology of the palpebral fissure 
Digital images of the anterior eye and adnexae were captured using a high 
resolution Fujifilm FinePix S9500 digital camera (Fuji, Tokyo, Japan) (10.7 
× optical zoom, 9.0 megapixels). The camera was mounted on a custom 
built height and tilt adjustable tripod for capturing images of the eye in 
primary and 25° downward gaze (Figure 4.5). A similar experimental setup 
has been described elsewhere (Read et al. 2006). A bubble spirit level was 
used to ensure the camera was not tilted in primary gaze. To capture 
images in downward gaze, the tripod height and camera angle were 
adjusted in such a way that subjects had to adopt a downward gaze of 25° 
to maintain fixation at the centre of the camera. For all images, the subjects 
were asked to maintain natural eyelid position.  
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Figure 4.5: Technique to capture digital photos of the eye in primary (A) and 
downward gaze (B) using a custom built, height and tilt adjustable tripod.  
4.2.5 Data analysis 
The presence of the relay lens system in our modified wavefront sensor 
inverted the wavefront in primary gaze and there was an additional rotation 
of the wavefront due to the hot mirror rotation in downward gaze (Chapter 
3). Therefore we had to rotate the wavefront (Lundstrom and Unsbo 2007) 
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to its original position using custom written software. In downward gaze, the 
eye rotation was also associated with cyclotorsion which will introduce an 
artefact in the changes of wavefront aberrations. Therefore, in order to 
correct for cyclotorsion in downward gaze, the iris images from the 
wavefront sensor in primary and downward gaze were analysed for each 
subject using custom written software (Chapter 3). 
Orthogonal refractive components (M, J0 and J45) were determined from 
the wavefront aberrations (Iskander et al. 2007) using custom written 
software (Matlab based) along with conventional Zernike polynomials up to 
the 8th radial order using the nomenclature recommended by the Optical 
Society of America (Thibos et al. 2000). For each frame of the 100 
wavefront measurements, a Matlab based algorithm was used to detect 
artefacts in the Zernike polynomial fit coefficients, and then to filter these 
data before averaging (Iskander et al. 2004b). Sources of these artefacts 
could include blinking, poor stability of the subject’s head and poor tear film 
quality.  
The wavefront was fitted with Zernike polynomials for a fixed 5.0 mm pupil 
diameter for the no accommodation conditions (primary and downward 
gaze) and for a 3.0 mm pupil diameter for the 2.5 D accommodation 
conditions (primary and downward gaze). The 5.0 mm and 3.0 mm fixed 
entrance pupils were selected because they were smaller than the 
minimum diameter of natural pupil sizes for all subjects during no 
accommodation and 2.5 D accommodation conditions respectively. As the 
no accommodation condition was corresponding to the 5 m distance, the 
actual level of accommodation stimulus during the distance task was 0.2 D. 
Therefore, the difference between accommodation (2.5 D) and no 
accommodation (0.2) conditions corresponds to an effective stimulus of 2.3 
D. 
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Statistical analyses were performed using SPSS (version 17.0) software. A 
repeated measures ANOVA was performed to assess the significance of 
wavefront changes in the various conditions (within-subjects factors) 
including primary gaze versus downward gaze and the effects of the time 
within the task and recovery periods. The between subjects factors were 
refractive error group and ethnicity of the myopes.   
Each digital image of the anterior eye in primary and 25° downward gaze 
was analysed using custom written software that provides the morphometry 
of the limbus, pupil and upper and lower eyelids (Iskander et al. 2004a; 
Read et al. 2006). To determine the Cartesian coordinates of the anterior 
eye landmarks, the software enabled the user to locate the limbus (16 
points), pupil (8 points), upper eyelid (8 points) and lower eyelid (8 points) 
outlines. These were then fit with a polynomial function with respect to the 
limbus centre (Malbouisson et al. 2000) (Figure 4.6), 
                                    𝑌 = (𝐴X2 + BX + C)                                        (4.2) 
 
Where, 
A represents eyelid curvature 
B represents angle or tilt of the eyelid 
C represents distance from the geometric corneal centre. 
Three images were processed for each condition (primary gaze and 
downward gaze with no accommodation). 
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Figure 4.6: Eyelid margin fit with polynomial function using custom written 
software (Matlab based). 
4.3 Results 
4.3.1 Downward gaze without accommodation 
Analysis of the ocular wavefront showed a number of significant changes in 
the refractive components and the Zernike coefficients in downward gaze 
with no accommodation, compared to the primary gaze with no 
accommodation condition. The group mean changes of refractive 
components from baseline (for 5.0 mm pupil diameter) in primary gaze and 
downward gaze over 10 mins duration are presented in Figure 4.7 and 
Table 4.1. The mean spherical equivalent (M) showed a small (−0.10 D at 0 
min, −0.12 D at 5 mins and −0.11 D at 10 mins duration) but significant 
myopic shift in downward gaze from baseline (repeated measures ANOVA, 
p = 0.001). Primary astigmatism (J0) shifted in the positive direction in 
downward gaze (repeated measures ANOVA, p = 0.001). There were also 
significant gaze by time (p = 0.04), gaze by refractive error (p = 0.012) and 
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gaze by time by refractive error (p = 0.029) interactions for the changes in 
J0. The myopic group showed a greater change in primary astigmatism 
(mean change 0.10 ± 0.005 D from baseline) compared with the 
emmetropic group (mean change 0.01± 0.007 D from baseline) after the 10 
mins task in downward gaze (pairwise comparison p = 0.003). From Figure 
4.7, it is apparent that the refractive components (M, J0) that changed 
significantly in downward gaze, recovered almost immediately after shifting 
viewing direction from downward gaze back to primary gaze.
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Figure 4.7: The group mean changes (±SE) of refractive components in primary gaze and in downward gaze with respect to 
baseline with the no accommodation condition over the 10 mins task for a fixed 5.0 mm pupil diameter. The baseline value was 
taken after 10 mins viewing a 5 m target [i.e., no accommodation (0.2 D)] in primary gaze. Values at time 0 min of the task and 
recovery were taken immediately after the task/recovery periods commenced. In this plot, M and J0 show a significant difference 
between primary gaze and downward gaze during the no accommodation task (ANOVA p<0.05). J0 shows a significant gaze by 
time interaction (ANOVA p<0.05).
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Table 4.1: Group mean (± SE) changes of refractive components from baseline in primary gaze and downward gaze in the no 
accommodation condition over 10 mins duration for 5.0 mm fixed pupil diameter.  
Refractive 
components 
Mean (± SE) changes of refractive error from baseline (D) p values  
 
0 min 5 min 10 min Gaze 
Gaze × 
time 
Gaze × 
refractive 
error 
Gaze × 
time × 
refractive 
error 
Gaze × 
ethnicity 
M 
Primary gaze 0.026 ± 0.012 0.001 ± 0.022 0.024 ± 0.024 
0.001 0.610 0.652 0.155 0.988 
Downward gaze 0.099 ± 0.032 –0.144 ± 0.032 –0.110 ± 0.024 
J0 
Primary gaze 0.006 ± 0.010 –0.002 ± 0.008 –0.010 ± 0.009 
0.001 0.040 0.012 0.029 0.556 
Downward gaze 0.031 ± 0.013 0.072 ± 0.020 0.061 ± 0.018† 
J45 
Primary gaze 0.005 ± 0.005 0.006 ± 0.008 0.006 ± 0.008 
0.769 0.926 0.146 0.150 0.927 
Downward gaze 0.013 ± 0.012 –0.002 ± 0.010 0.002 ± 0.013 
 
 Bold numbers indicate the level of significance (p < 0.05) revealed by repeated measures ANOVA. 
 †sign indicates a statistically significant variation between refractive error groups (Bonferroni corrected pairwise comparison p < 0.05).
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Of the HOAs, the terms that changed significantly in downward gaze 
compared to primary gaze were vertical trefoil C(3,−3) [p < 0.001], vertical 
coma C(3,–1) [p = 0.031], secondary astigmatism C(4,2) [p = 0.012], tetrafoil 
C(4,4) [p = 0.009], secondary coma C(5,-1) [p = 0.002 ], pentafoil C(5,-5) [p = 
0.003] and secondary spherical aberration C(6,0) [p = 0.001] (Figure 4.8 and 
Table 4.2). Primary spherical aberration C(4,0) shifted in the positive 
direction in downward gaze (mean difference = 0.004 ± 0.005 µm at 0 min; 
mean difference = 0.010 ± 0.007 µm at 5 mins and mean difference = 0.007 
± 0.004 µm at 10 mins). The interaction with angle of gaze approached 
significance for the changes in C(4,0) for the no accommodation condition (p 
= 0.08). 
There was a trend for the vertical coma C(3,–1) to shift in the positive 
direction, whereas the vertical trefoil C(3,–3) shifted in the negative direction 
(Figure 4.8). We found a significant correlation (Pearson’s R2 = 0.70, p < 
0.001) between the changes in these two coefficients [C(3,–1) and C(3,–3)] 
in downward gaze (Figure 4.9). There was also a gaze by time interaction in 
the changes of higher order coefficients such as C(3,–3) [p = 0.048], C(3,–1) 
[p = 0.044], C(4,–2) [p = 0.032] and C(4,4) [p = 0.044].  
Changes in secondary astigmatism along 45° [C(4,–2)] were significantly 
greater in myopes than emmetropes after 5 mins (mean difference = –0.014 
± 0.007 µm; pairwise comparison p = 0.03) and 10 mins (mean difference = –
0.016 ± 0.07; pairwise comparison p = 0.02) of the task (no accommodation) 
in downward gaze compared to the baseline measurement. Similar to the 
refractive components, the changes in HOAs during downward gaze also 
recovered immediately after shifting the viewing gaze from downward gaze 
back to primary gaze.
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Figure 4.8: The group mean changes (±SE) of higher order coefficients 
(HOAs) in primary gaze and in downward gaze with respect to baseline with 
the no accommodation condition over the 10 mins task for fixed 5.0 mm 
pupil diameter. The baseline value was taken after 10 mins viewing a 5 m 
target [i.e., no accommodation (0.2 D)] in primary gaze. Values at time 0 
min of the task and recovery were taken immediately after the task/recovery 
periods commenced. Each of the plotted coefficients shows a significant 
difference between primary gaze and downward gaze during the no 
accommodation task (ANOVA p<0.05). Coefficients C(3,−3), C(3,−1), 
C(4,−2) and C(4,4) also show a significant gaze by time interaction (ANOVA 
p<0.05). None of the remaining coefficients up to 8th order showed 
significant changes with repeated measures ANOVA (p>0.05). 
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Table 4.2: Group mean (± SE) changes of higher order aberrations from baseline in primary gaze and downward gaze in the no 
accommodation condition over 10 mins duration for 5.0 mm fixed pupil diameter.  
Coefficients Gaze 
Mean (± SE) changes of higher order aberrations from 
baseline (µm) 
p values 
0 min 5 mins 10 mins Gaze Time 
C(3,–3) 
Primary gaze 0.006 ± 0.006 0.006 ± 0.005 0.007 ± 0.005 
<0.01 0.048 
Downward gaze –0.015 ± 0.010 –0.052 ± 0.016 –0.028 ± 0.011 
C(3,–1) 
Primary gaze 0.002 ± 0.007 0.000 ± 0.007 0.006 ± 0.006 
0.031 0.044 
Downward gaze –0.002 ± 0.012 0.043 ± 0.018 0.022 ± 0.006 
C(4,–2) 
Primary gaze –0.003 ± 0.001 0.003 ± 0.002 0.003 ± 0.002 
0.118 0.032 
Downward gaze 0.005 ± 0.003 0.008 ± 0.004† 0.002 ± 0.004† 
C(4, 2) 
Primary gaze 0.003 ± 0.003 0.001 ± 0.004 0.001 ± 0.005 
0.012 0.075 
Downward gaze –0.005 ± 0.005 –0.025 ± 0.010 –0.016 ± 0.006 
C(4, 4) 
Primary gaze –0.002 ± 0.005 0.000 ± 0.004 0.000 ± 0.005 
0.009 0.045 
Downward gaze 0.003 ± 0.004 0.022 ± 0.009 0.016 ± 0.005 
C(5,–1) 
Primary gaze –0.003 ± 0.002 –0.004 ± 0.003 –0.003 ± 0.004 
0.002 0.074 
Downward gaze 0.018 ± 0.005 0.026 ± 0.010 0.012 ± 0.003 
C(5,–5) 
Primary gaze –0.004 ± 0.002 –0.004 ± 0.002 –0.005 ± 0.006 
0.003 0.031 
Downward gaze 0.010 ± 0.003 0.011 ± 0.004 0.007 ± 0.004 
C(6, 0) 
Primary gaze –0.003 ± 0.002 –0.003 ± 0.002 –0.001 ± 0.002 
0.001 0.876 
Downward gaze 0.010 ± 0.003 0.011 ± 0.004 0.007 ± 0.004 
HO RMS Primary gaze –0.013 ± 0.007 –0.009 ± 0.005 –0.005 ± 0.008 0.025 0.145 
Bold numeric indicates the level of significance (p<0.05) revealed by repeated measures ANOVA. 
†sign indicates a statistically significant variation between refractive error groups (Bonferroni corrected pairwise comparison p<0.05).  
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Figure 4.9: (A) Correlation between change in vertical coma and vertical trefoil after 10 mins task in downward gaze (for 5.0 mm 
pupil diameter). Right side panel (B) shows the combination of vertical trefoil and vertical coma producing a “wave-like” distortion.
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The group mean refractive power maps were determined over a 5.0 mm 
pupil diameter for the baseline condition and then 10 minutes after the 25 
degrees downward gaze task (Figure 4.10). The difference between the 
group mean refractive power maps at baseline and after 10 minutes of 
downward gaze shows a band like horizontal distortion just above the central 
zone of the pupil and parallel to the typical position of the upper eye lid 
(Figure 4.10). It also shows a small comatic change at the centre of the map 
that was parallel to the visual axis. 
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Figure 4.10: (A) Group mean baseline refractive power map and (B) group 
mean refractive power map after 10 mins task in downward gaze for 5.0 mm 
pupil diameter. No accommodation in both conditions represented in panels 
A and B. Bottom left (C): total refractive power difference map of post-task in 
downward gaze minus baseline refractive power (B – A) for 5.0 mm pupil 
diameter. Bottom right (D): only higher order refractive power difference map 
(defocus and astigmatism removed) of post-task in downward gaze minus 
baseline refractive power (B – A) for 5.0 mm pupil diameter. 
4.3.2 Lid aperture analysis results 
Comparison between primary gaze and down gaze revealed flattening of the 
upper and lower eyelid margin in downward gaze, significant increase in 
downward tilt of both lids in down gaze, an upward slanting of the horizontal 
fissure in primary gaze which decreased in down gaze and a reduction in 
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palpebral aperture size with downward gaze (Figure 4.11). The terms 
downward tilt and upward slanting refers to the slope of the outer canthus 
with respect to the inner canthus (Read, 2006).   
 
Figure 4.11: Example of digital image analysis of a subject’s eye using I-
metrics software for primary and 25° downward gaze.       
To estimate the influence of eye lid morphology on the changes in ocular 
aberrations, we calculated the difference of the aperture up (distance 
between centre of pupil and upper lid margin) between downward gaze (250) 
and primary gaze. We found a weak positive correlation (R2 = 0.14, p = 0.08) 
between changes of vertical coma C(3,–1) in downward gaze and the 
changes of the upper eye lid position (aperture up) in downward gaze (Figure 
4.12).                 
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Figure 4.12: Correlation between the changes in vertical coma [C(3,–1)] and 
upper lid aperture (distance from pupillary centre to the upper lid margin) in 
downward gaze. 
4.3.3 Primary gaze vs. downward gaze with accommodation  
Considering the individual Zernike coefficients of the HOAs, primary 
spherical aberration C(4,0) changed significantly with accommodation [p = 
0.005]. The interaction with angle of gaze approached significance for the 
changes in horizontal coma C(3,1) with accommodation (p = 0.09) and there 
was a significant gaze by time interaction for the change in horizontal coma 
C(3,1) (p = 0.04) [Figure 4.13 A].  
Primary spherical aberration C(4,0) was found to become more negative  
with accommodation in downward gaze compared to primary gaze 
accommodation (p = 0.004) [Figure 4.13B]. Secondary spherical aberration 
C(6,0) became more positive with accommodation in downward gaze 
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compared to primary gaze accommodation (p = 0.02 ) [Figure 4.13B]. For 
both primary and secondary spherical aberration, the difference in magnitude 
of the coefficients between primary and downward gaze became statistically 
significant after 10 mins of the near task [(C(4,0) pairwise comparison p = 
0.004, C(6,0) pairwise comparison p = 0.04] but not at 0 or 5 mins after 
commencing the near task (pairwise comparisons, p > 0.05 for both times 
and coefficients). 
The group mean refractive power maps were determined over a 3.0 mm 
pupil diameter for the accommodation (2.5 D) in primary gaze condition and 
downward gaze condition after 10 minutes of commencing the task (Figure 
4.14). The difference between the group mean refractive power maps at 2.5 
D accommodation primary gaze and 2.5 D accommodation downward gaze 
was equivalent to 0.33 DS/–0.06 DC X 176 (RMS 0.35 D), reaching clinical 
significance (Figure 4.14).  
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Figure 4.13: The group mean changes (±SE) of vertical coma C(3,−1) and 
horizontal coma C(3,1) [A], primary spherical aberration C(4,0) and 
secondary spherical aberration C(6,0) [B] in primary gaze and in downward 
gaze with respect to baseline with 2.5 D accommodation condition over the 
10 mins task for fixed 3.0 mm pupil diameter. The baseline value was taken 
after 10 mins viewing a 5 m target [i.e. no accommodation (0.2 D)] in primary 
gaze. The effective accommodation stimulus was (2.5 D – 0.2 D) = 2.3 D. 
Values at time 0 min of the task and recovery were taken immediately after 
the task/recovery periods commenced. In this plot, C (4, 0) shows a 
significant difference between primary gaze and downward gaze during 2.3 
D accommodation task (ANOVA p < 0.05). C (3, 1) shows a significant gaze 
by time interaction (ANOVA p < 0.05). 
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Figure 4.14: (A) Group mean refractive power map after 10 mins task with 
2.5 D accommodation in primary gaze and (B) group mean refractive power 
map after 10 mins task with 2.5 D accommodation in downward gaze for 3.0 
mm pupil diameter. Bottom centre (C): refractive power difference map of 
post-task in downward gaze minus refractive power difference map of post-
task in downward gaze (B – A) for 3.0 mm pupil diameter.
Chapter Four
111 
 
The level of change in secondary spherical aberration between primary 
gaze and downward gaze systematically increased over the 10 mins time 
course of the near task [p = 0.04 (gaze by time)]. Moderate but significant 
negative correlations were found between changes in primary and 
secondary spherical aberration, for both primary gaze (R2 = 0.55, p < 0.001 
at 0 min, R2 = 0.60, p = 0.004 at 5 mins and R2=0.30, p < 0.001 at 10 mins 
of task) and downward gaze (R2 = 0.29, p = 0.006 at 0 min, R2 = 0.52, p < 
0.001 at 5 mins and R2 = 0.54, p < 0.001 at 10 mins of task).    
Group mean refractive power analysis (Figure 4.15) showed that the 
changes in primary and secondary spherical aberration resulted in more 
negative power in the periphery of the pupil with downward gaze compared 
to primary gaze, and this effect increased with time during the 2.5 D 
accommodation task. This indicates a gradual negative shift in longitudinal 
spherical aberration (LSA) over time in downward gaze (Figure 4.15).  
There were no significant interactions between gaze and refractive group 
for the changes in higher order aberrations with accommodation.  
Refractive power is observed to return to baseline levels immediately 
following cessation of the tasks.
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Figure 4.15: Group mean refractive power maps illustrating changes in spherical aberration [primary SA C(4,0) + secondary SA 
C(6,0)] with respect to baseline during accommodation (2.5 D stimulus) in primary gaze and downward gaze over the 10 mins 
course of the near task for a 3.0 mm fixed pupil. Longitudinal spherical aberration (LSA) is given in terms of the dioptric difference 
between the marginal ray focus and the paraxial ray focus.
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4.4 Discussion 
4.4.1 Changes in wavefront aberrations with no accommodation 
We found small but significant changes in the optics of the eye in downward 
gaze compared to primary gaze, when both gaze conditions involved 
distance viewing (i.e., minimal accommodation stimulus). Downward gaze 
led to a positive shift in primary astigmatism (J0) and this change in optics 
during downward gaze is consistent with the results of previous studies 
(Buehren et al. 2003a; Collins et al. 2006b; Shaw et al. 2008) that have 
shown substantial changes in the topographical and optical characteristics of 
the cornea associated with eyelid pressure on the corneal surface following 
reading in downward gaze. We found that the degree of these changes in 
astigmatism were greater as a function of time and it has also previously 
been shown that the magnitude of lid induced corneal change increases with 
the length of time spent reading (Collins et al. 2005).     
The mean refractive power of the eye (M) shifted slightly in the myopic 
direction in downward gaze in the no accommodation condition, consistent 
with previous findings (Ripple 1952; Takeda et al. 1992). Whilst the change 
in mean spherical refractive power was small (~ −0.12 D) in magnitude, it 
was consistent and highly statistically significant. A previous study observed 
a downward sag of the crystalline lens in the monkey’s eye under the action 
of gravity (Glasser and Kaufman 1999). Another recent study reported that 
lens thickness and anterior chamber depth in human eyes may alter under 
the influence of gravity (Kasthurirangan et al. 2011). Therefore, the myopic 
shift in refractive power in downward gaze may be the result of a small 
forward movement of the crystalline lens under the action of gravity. From 
previously reported modeling, we expect that the crystalline lens would be 
required to move about 100 microns anteriorly to increase the eye’s power 
by –0.12 D in downward gaze (Atchison 2005a; Collins et al. 1995b). In 
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contrast, Shaw et al. (2008) found a small hyperopic shift in corneal 
refractive power after a short period of reading in 20 degrees downward 
gaze. It would therefore be useful to simultaneously measure the changes in 
corneal and total optics in downward gaze to determine the relative 
contributions of the corneal and internal optics to the total optical changes 
occurring in downward gaze. 
There were numerous changes in ocular HOAs in downward gaze in terms of 
both magnitude and sign of the terms. The changes in vertical trefoil and 
vertical coma were consistent with a previous report of changes in the total 
wavefront following reading (Buehren et al. 2003a). The group mean 
refractive difference map (Figure 4.10) was also similar to the corneal 
refractive power changes observed by Shaw et al. (2008) who found a 
horizontal band-like distortion in corneal topography parallel to the upper eye 
lid, and the similar changes that we have observed are also likely to be 
associated with biomechanical forces due to eye lid pressure on the corneal 
surface during downward gaze. 
Other than coma and trefoil, there were also significant changes in 
secondary astigmatism, tetrafoil, secondary coma, pentafoil and secondary 
spherical aberration in downward gaze. We observed greater changes in 
refractive components and higher order aberrations of the eye during 
downward gaze than the previous studies of corneal or ocular optics 
following downward gaze (Shaw et al., 2008; Buehren et al. 2003a). Since 
we were measuring aberrations during downward gaze, we would have 
measured a greater effect of eyelid pressure on the ocular surface. Another 
contributing factor may be related to the changes in the internal optics of the 
eye such as crystalline lens tilt or changes of the crystalline lens shape 
during downward gaze due to the variation in zonular tension or extra ocular 
muscle force on the eye during downward gaze.  
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We observed an immediate recovery of wavefront changes of the eye (to 
baseline values) following the 10 minutes visual task in downward gaze. A 
previous study (Buehren et al. 2003a) found that a recovery period of 120 
mins was required for the wavefront to approach pre-reading corneal shape 
after a 60 mins reading task in downward gaze. Because the time period of 
the visual task in the present study extended only 10 mins, the changes 
recovered rapidly. However, it is possible that longer duration tasks may 
exacerbate the magnitude of certain wavefront changes which occur in 
downward gaze, and the recovery period may be longer, depending on the 
underlying causes of the wavefront changes. 
4.4.2 Changes in wavefront aberrations with accommodation 
Spherical aberration (SA) changed consistently in the negative direction with 
accommodation in both primary and downward gaze. This result is in 
agreement with previous findings that show a systematic shift of spherical 
aberration from positive to negative sign with accommodation (Koomen et al. 
1949; Ivanoff 1956; Atchison et al. 1995; Collins et al. 1995a; He et al. 2000; 
Ninomiya et al. 2002; Hazel et al. 2003). It has also been mathematically 
predicted that the primary spherical aberration will shift in the negative 
direction and that the secondary spherical aberration will shift in the positive 
direction during accommodation due to the hyperbolic shape changes of the 
crystalline lens (Lopez-Gil and Fernandez-Sanchez 2010). Our data show a 
similar pattern to these predictions. During accommodation, changes occur 
in the shape (particularly the anterior surface), in the thickness and the 
refractive index of the crystalline lens (Brown 1973; Dubbelman et al. 2005; 
Jones et al. 2007; Kasthurirangan et al. 2008). The changes of spherical 
aberration associated with accommodation are probably related to changes 
in the asphericity or refractive index distribution of the crystalline lens as it 
alters with accommodation.  
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We found that spherical aberration varied significantly over time with 
accommodation, being more stable during accommodation in primary gaze 
but showing a greater change in downward gaze over time (Figure 4.15). 
The reason for this difference between primary and downward gaze could be 
that gravitational effects during downward gaze, combined with 
accommodation, may exacerbate the normal changes in shape and 
refractive index distribution of the crystalline lens. The greater change 
noticed in the mean refractive power (M) of the eye with no accommodation 
in downward gaze compared with primary gaze, adds some support for this 
hypothesis. We can only speculate on the possible reasons for the variations 
in spherical aberration and total power of the eye over time in downward 
gaze, but it seems conceivable that the gravitational force may influence the 
interaction between the pupil margin and the lens surface with 
accommodation in downward gaze if the lens moves slightly anteriorly. It is 
known that interactions between the iris and lens surface contribute to 
substantial changes in lens power during accommodation in some bird 
species (Levy and Sivak 1980), and it has recently been hypothesised that 
interactions between the iris and lens surface underlie subtle changes in 
ocular aberrations associated with pupil constriction (Montes-Mico et al, 
2010). Therefore, gravitational forces during downward gaze may increase 
the pressure applied by the pupil margin to the anterior lens surface with 
accommodation which could alter the shape of the crystalline lens (in a 
rotationally symmetrical pattern) and thereby influence primary and 
secondary spherical aberration. Further research examining the biometric 
changes of the eye during downward gaze is required to better understand 
the origins of these changes. 
We found that third order horizontal coma changed in the negative direction 
with accommodation in primary and downward gaze (Figure 4.13). Rosales 
et al. (2008) found a significant tilt of the crystalline lens of rhesus monkeys 
around the horizontal axis during accommodation. Therefore it seems 
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feasible that accommodation may also cause crystalline lens tilt in human 
eyes, with resulting changes in astigmatism and coma during 
accommodation. We also found that the changes in vertical coma and 
horizontal coma with accommodation were greater in downward gaze 
compared to primary gaze as a function of time. A study (Glasser and 
Kaufman 1999) found that gravity may influence the movement of the 
crystalline lens during accommodation in monkeys. It is therefore possible 
that gravitational effects on the tilt and centration of the human crystalline 
lens could also lead to a greater change in coma in downward gaze during 
accommodation.  
Analysis of the effects of refractive error group showed some small, but 
significant differences in the changes occurring in primary and secondary 
astigmatism. However there were no obvious systematic differences in HOA 
between refractive error groups during accommodation or downward gaze or 
as a function of time. Although this is true for fixed pupil diameters (5 mm 
and 3 mm), it could be still argued that there might be a potential variation in 
the level of monochromatic aberrations between refractive error groups 
during a near task for natural pupil diameters. We chose to conduct analyses 
in this study with fixed pupil diameters to allow direct comparison of the 
wavefront aberration components between the conditions (gaze angle, 
accommodation and time), since pupil size is likely to change with both 
accommodation and time. However it could be argued that there is further 
information to be gained by also comparing between refractive error groups 
with natural pupil diameters, since this reflects the true state of the optics of 
the eye during near tasks.   
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4.5 Conclusions 
We have highlighted that significant changes occur in the optical properties 
of the eye during a near task under the influence of both gaze angle and 
accommodation. The spherical refractive power of the eye is likely to be 
shifted slightly in the myopic direction in downward gaze with no 
accommodation, while astigmatism shifts in the positive direction. Higher 
order aberrations of the eye also change significantly in downward gaze over 
time. There are several factors that are likely to contribute to these changes 
including eye lid pressure on the cornea and gravitational effects on the 
crystalline lens. Accommodation also causes significant changes in 
astigmatism and higher order aberrations (in particular spherical aberration 
[SA] and coma), which probably occur due to the changes in the crystalline 
lens. Changes over time in spherical aberration and coma with 
accommodation appear to be significantly greater in downward gaze 
compared to primary gaze. These variations in ocular aberrations over time 
highlight the dynamic nature of visual optics during a near task. 
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Chapter 5 
5 Near task, accommodation, pupil sizes, higher order 
aberrations and myopia 
5.1 Introduction 
In chapter 4, ocular aberration changes in downward gaze after the short 
term near task were found for analysis of aberrations over a fixed pupil size. 
In this chapter, changes in accommodation response and higher order 
aberrations with natural pupils in downward gaze, over time, are described in 
the same group of subjects. 
Ocular changes associated with accommodation and convergence have 
often been hypothesized as the reasons for the link between myopia 
progression and near work (Tay et al. 1992; Bayramlar et al. 1999; Saw et al. 
2002a; Wong et al. 2003). Gwiazda et al. (1993) reported that most myopic 
children are esophoric at near due to an elevated accommodation and 
convergence ratio and suggested that they might relax accommodation to 
reduce accommodative convergence and thereby maintain binocular vision. 
This reduction of accommodation could produce hyperopic image blur during 
near tasks, potentially leading to eye growth and myopia.  
Most of the previous studies of accommodation and myopia have assessed 
accommodation response at a single point in time. However there have been 
some studies of accommodation changes over time (Schor et al. 1986; 
Rosenfield and Gilmartin 1999; Wolffsohn et al. 2011). Schor et al. (1986) 
studied accommodative response over a 2 minutes duration of near task and 
found that accommodative adaptation reduced the magnitude of 
accommodation error (lag) over time. This finding was supported by another  
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study by Rosenfield and Gilmartin (1999) who also found a mean 
accommodative adaptation response (reduced lag) over 10 mins period.   
While some authors suggest that myopes may have a larger pupil than 
emmetropes (Loewenfeld 1999; Chaidaroon and Juwattanasomran 2002), 
other studies find no significant difference in pupil size between myopes and 
emmetropes (Jones 1990a; Winn et al. 1994; Subbaram and Bullimore 2002; 
Netto et al. 2004). Recently, Charman and Radhakrishnan (2009) also 
measured pupil size at different levels of accommodation in younger adults 
and were also unable to demonstrate a significant difference in pupil size 
between myopes and emmetropes.  
Changes in the pupil size alter the higher order aberrations and depth of 
focus of the eye during a near task (Marcos et al. 1999; Castejon-Mochon et 
al. 2002; Howland 2002; Thibos et al. 2002b). Therefore to understand the 
true optical image experienced naturally during reading, it would be 
worthwhile to investigate the changes in optical characteristics of the eye 
during a near task with natural pupils in both myopes and emmetropes.  
To better understand the dynamic characteristics of the optics of the eye, we 
aimed to measure the diameter of natural pupils, accommodation error and 
higher order aberrations of the eye associated with various levels of 
accommodation (0.2 D, 2.5 D and 5 D) in downward gaze (25°) over 10 
mins, in groups of young myopes and emmetropes.  
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5.2 Materials and methods 
5.2.1 Subjects  
Twenty six young adult subjects (12 emmetropes and 14 myopes) aged 
between 19 and 30 years (mean age 25 years) were recruited for this study. 
All subjects were free of any significant ocular diseases and had no history of 
eye surgery. Contact lens wearers (n = 6) were asked to discontinue lens 
wear for 2 days prior to, and during their involvement with the study.  
Approval was obtained from the university human research ethics committee 
prior to the commencement of the study. Subjects gave informed consent 
and were treated in accordance with the declaration of Helsinki. All subjects 
had best corrected visual acuity of logMAR 0.00 or better in both eyes. The 
mean spherical equivalent of the myopic subjects was −3.26 ± 1.60 DS 
(mean ± SD), and of the emmetropic subjects was −0.29 ± 0.36 DS. Myopes 
were recruited who had evidence of at least 0.50 DS progression of their 
myopia within the past 2 years. Refractive error progression data was 
obtained from the subject’s eye care practitioner if the details were not 
known by the subject. None of the subjects had anisometropia greater than 
1.00 DS, or astigmatism greater than 1.50 DC.  
5.2.2 Instrumentation 
The ocular aberrations were measured with binocular fixation on a free 
space target using a modified Shack-Hartmann aberrometer in primary and 
downward gaze. In this chapter, a short description of the wavefronts 
measurements from human’s eye in downward gaze is provided. The 
working principle, measurement technique and validation of this modified 
system are explained in detail in Chapter 3.  
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A wavefront aberrometer (COAS HD; Wavefront Sciences, Albuquerque, 
NM) was modified with a relay lens system and a hot mirror in such a way 
that subjects could fixate a free space target binocularly in primary gaze and 
downward gaze during wavefront measurements. During the measurement 
with the modified aberrometer, the subject was asked to look at a free space 
Maltese cross target displayed on LCD screen with both eyes. The chin rest 
position was then adjusted (vertically and horizontally) until the centre of the 
cross target coincided with the centre of the COAS-HD fixation target that 
was visible via the hot mirror surface. Therefore, the centre of the COAS-HD 
target and the centre of the Maltese cross were co-axial with the visual axis 
of the subject’s tested left eye (OS). This alignment ensured that the 
measurements of aberrations coincided with the line of sight (i.e. on-axis) of 
the subject’s left eye. 
Since the visual axis of the measured eye (left eye) was co-axial with the 
centre of the fixation target and the fellow eye had to converge to maintain 
binocular fixation, the accommodative target distance was slightly longer for 
the fellow eye compared with the measured eye. Therefore, the magnitude of 
the lag of accommodation could be partly influenced by the slightly different 
accommodative demand between the two eyes. For example, if a near target 
is placed at a 20 cm distance from the measured eye and the subject’s inter 
pupillary distance is 60 mm, the accommodative demands will be 5 D and 
4.78 D in the measured eye and fellow eye respectively. Since the modified 
wavefront measurement system had to be co-axial with the measured eye for 
all three accommodation conditions (to ensure reliable, on-axis wavefront 
measures), this necessitated maintaining the measured eye looking straight 
ahead while the fellow eye converged. Therefore the compromise in 
methodology had to be either monocular fixation or binocular fixation with a 
small aniso-accommodation demand. 
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For distance accommodation (0.2 D), a Maltese cross was displayed on a TV 
monitor on a high definition plasma screen at a 5 m viewing distance, 
subtending visual angle of 11 × 6 degrees, and having a luminance of 20 
cd/m2. For near accommodation (2.5 D and 5 D), a pocket-sized digital 
device was used with a liquid crystal display (LCD) screen. The visual angle 
was 11 × 8 degrees for the near target, similar to the visual angle subtended 
by the TV monitor for far viewing. The screen luminance for the LCD was 
also approximately 20 cd/m2. The room illuminance for all testing conditions 
was set to mesopic levels of 1 lux, to maximize the pupil size during the 
wavefront measurements. 
5.2.3 Measurement protocol 
In this experiment, all subjects performed a visual task (watching a video) for 
10 min in three separate trials with different accommodation demands: i) 
distance accommodation (0.2 D) in 25° downward gaze, ii) near 
accommodation (2.5 D) in downward gaze and iii) near accommodation (5 D) 
in downward gaze. The order of testing conditions was randomized between 
subjects to avoid order effects. In order to wash-out the effects of previous 
tasks, the subjects performed a control task (watching TV at a 5 m distance 
in primary gaze) for 10 mins prior to each of the three trial conditions. 
Subjects were given their full distance refractive error corrections in the form 
of a trial lens mounted outside of the measurement beam path during the 
visual task and wavefront measurements, taking into account the vertex 
distance of the trial lenses. Wavefront measurements were taken after the 
control task as baseline data. 
 During wavefront measurements, the subject was asked to keep the Maltese 
cross target “as clear as possible”. The subject was asked to blink and then 
to view the fixation target while 25 frames of wavefront measures were 
acquired with the COAS-HD (approximately 2.5 secs of recording). The 
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subject was asked to blink again, and the measurement of 25 frames were 
repeated (total of 4 measures x 25 frames = 100 frames in total). During any 
wavefront measurement where the subject had blinked or reported “losing 
focus”, the measurement was repeated.  
5.2.3.1 Trial 1 (Distance viewing downward gaze) 
 In this condition, the subject watched TV binocularly at a 5 m distance in 
25°downward gaze for 10 mins duration. After 0 min (i.e., immediately after 
commencing the task), 5 mins and 10 mins from the starting time (watching 
TV) measurements were taken of ocular aberrations using the modified 
aberrometer with binocular vision and with fixation on the free space target 
(Maltese cross at 5 m). The subject remained in the headrest throughout 
each 20 mins testing session that included the control task (10 mins) and test 
condition (10 mins). 
 
5.2.3.2 Trial 2 (2.5 D accommodation downward gaze) 
In this test session, subjects again performed the control task (10 mins 
distance viewing of TV in primary gaze) before beginning the next test 
condition. In this condition, subjects performed a near task (watching a movie 
on the screen of a pocket-sized device) at a 40 cm distance (2.5 D 
accommodation stimulus level) in 25° degree downward gaze. In all of the 
accommodation conditions, the target distance was adjusted so that the 
accommodative stimulus was constant for all subjects. This adjustment was 
based on the spectacle lens effectivity power for each subject (Mutti et al. 
2000a). 
5.2.3.3 Trial 3 (5 D accommodation downward gaze) 
The same protocol of trial 2 was repeated with a 5 D stimulus (i.e. 20 cm 
working distance).  
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5.2.4 Data analysis 
The wavefront data were corrected for the cyclotorsion associated with 
accommodation and downward gaze. This method is explained in more 
detail in Chapter 3.  
Wavefront slopes were converted into refractive power using custom written 
software along with conventional Zernike polynomials up to the 8th radial 
order (Iskander et al. 2007). For refractive power analysis (vectors M, J0 and 
J45), the individual natural pupil size was used for the analysis. This allowed 
the optical characteristics related to natural pupil size to be analysed and to 
account for any pupil size related differences that may exist between 
individuals and refractive error groups. Subject’s natural pupil size was 
obtained from the Shack- Hartmann images. To calculate lag of 
accommodation we have performed the following steps: 
 
Step 1: Wavefront aberrations were converted to refractive power domain 
using the following equation (Iskander et al. 2007), 
                   𝐹(𝑟, 𝜃) = 103
𝑟𝑚𝑎𝑥
 ∑ 𝑐𝑗𝑝−1𝑗=3 𝜓𝑗  (𝜌, 𝜃)                                                    (5.1) 
 
Where rmax corresponds to the pupil radius and the function 𝜓𝑗 (𝜌, 𝜃) is 
defined as the refractive Zernike power polynomials. 
Step 2: The best-fit sphero-cylinder was obtained using the following 
equations (Maloney et al. 1993), 
 
                        𝑆 = 1
𝜋𝑟0
2 ∫ 𝐹 (𝑟, 𝜃)𝑟< 𝑟0                                                        (5.2) 
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                     A =�𝑎𝑥2 + 𝑎𝑦2                                                                      (5.3) 
                      ax = 4𝜋𝑟02   ∫ 𝐹 (𝑟, 𝜃)𝑟< 𝑟0 cos 2𝜃 𝑟𝑑𝑟𝜃                                         (5.4)               
                      ay = 4𝜋𝑟02  ∫ 𝐹 (𝑟, 𝜃)𝑟< 𝑟0 sin 2𝜃 𝑟𝑑𝑟𝜃                                          (5.5) 
                   𝑀 = 𝑆 +  1
2
 𝐴                                                                         (5.6) 
Where, 
S = the best-fit spherical power over the natural pupil 
A = the magnitude of best-fit astigmatism 
ax = the magnitude of astigmatism oriented at 90°/180° 
ay = the magnitude of astigmatism oriented at 45°/135° 
M = the average power of the eye over the natural pupil. 
Step 3:         Accommodation error / lag = D – M                                          
(5.7)                      
 
 Where, 
 
D = dioptric value of accommodative stimulus  
M = dioptric value of accommodative response 
Note that the no accommodation condition corresponded to the 5 m distance, 
so the actual level of accommodation stimulus during the distance task was 
0.2 D. This 0.2 D stimulus was used during the calculation of lag of 
accommodation. 
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A repeated measures ANOVA was performed to assess the significance of 
the changes in lower order aberrations (mean ocular refractive power), 
higher order aberrations and pupil size changes, in the various conditions 
(within-subjects factors) including effects of accommodative stimulus and the 
effects of the time within the task. The between-subjects factor in the ANOVA 
was refractive error group (emmetropes and myopes). 
5.3 Results 
5.3.1 Pupil size 
Repeated measures ANOVA revealed that pupil size decreased significantly 
with accommodation stimulus (p < 0.001) and over time (p < 0.001). From 
Figure 5.1, it is apparent that pupil constriction (miosis) took place from 
distance accommodation to near accommodation for both myopes and 
emmetropes. The group mean (for all subjects) pupil diameters decreased by  
– 0.65± 0.47 mm, –1.01 ± 0.61 mm and –1.23 ± 0.58 mm after 0 min, 5 mins 
and 10 mins of near task with 2.5 D accommodation stimulus in downward 
gaze, respectively. With 5 D accommodation, the group mean pupil 
diameters decreased by –1.46 ± 0.63 mm, –1.85 ± 0.75 mm and –2.03 ± 
0.68 mm after 0 min, 5 mins and 10 mins of near task in downward gaze, 
respectively. There was no significant difference between changes in pupil 
size with accommodation between the emmetropes and myopes (stimulus by 
refractive error, p = 0.68) [Figure 5.1].  
5.3.2 Accommodation error (lag) 
Mean refractive power (M) of the eye changed significantly with 
accommodation stimulus and time. Figure 5.1 shows that accommodation 
error reduced gradually during the near task over 10 mins for both the 
myopes and emmetropes. Repeated measures ANOVA revealed a 
significant influence of accommodation stimulus (p <0.001), time (p = 0.001) 
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and a significant stimulus by time interaction (p = 0.005) for the change in 
accommodation error. During the 2.5 D accommodation task, the group 
mean accommodative lag was 0.54 D at the beginning of the task (i.e. 0 
min), and this reduced to 0.47 D after 10 mins of the task (i.e. ~15% 
reduction in lag). After 10 mins of near task with 5 D accommodation task, 
accommodative lag was reduced by ~62% (mean lag 0.32 D at 10 mins) 
from the starting point of the task (mean lag 0.83 D at 0 min). On average, 
myopes had a greater level of accommodation error than emmetropes during 
the near task over time for both the near stimuli, however differences in the 
accommodation error (lag) between refractive error groups did not reach the 
level of statistical significance (p > 0.05) [Figure 5.1].  
We found weak but significant positive correlation between changes in pupil 
diameter and changes in lag of accommodation from 0 min task to the 10 
mins task with 2.5 D and 5 D accommodation stimuli (Pearson’s R2 = 0.18, p 
= 0.03 for 2.5 D accommodation and R2 = 0.32, p = 0.003 for 5 D 
accommodation). 
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Figure 5.1: Group mean (± SE) changes in pupil size and accommodation 
response for distance accommodation (0 D) and near accommodation (2.5 D 
and 5 D) over 10 mins duration under the natural viewing conditions. 
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5.3.3 Higher order aberrations 
5.3.3.1 Higher order RMS 
The distribution of mean higher order RMS (in diopters) among myopes and 
emmetropes for different testing conditions (distance accommodation with 
0.2 D stimulus, near accommodation with 2.5 D and 5 D stimuli) for natural 
pupil sizes (i.e. a group mean of individual’s natural pupil size) is shown in 
Figure 5.2. Higher order RMS showed a significant stimulus (repeated 
measure ANOVA, p < 0.001), time (p = 0.02) and stimulus by refractive 
error (p = 0.04) interaction. Pairwise comparison found that myopes had 
greater levels of higher order RMS than emmetropes with a 5.0 D 
accommodation stimulus (mean difference 0.13 ± 0.09 D at 0 min, p = 0.06; 
mean difference 0.14 ± 0.09 D at 5 mins, p = 0.04 and mean difference 
0.14 ± 0.09 D, p = 0.04 at 10 mins).  
5.3.3.2 Vertical trefoil C(3,-3) 
Repeated measures ANOVA revealed a significant stimulus (p = 0.008), 
time (p = 0.02) and stimulus by refractive error (p = 0.03) interaction for 
changes in C(3,-3) in downward gaze. Emmetropes had a greater level of 
negative trefoil than myopes during 2.5 D accommodation over 10 mins 
duration with natural pupils (mean difference –0.10 ± 0.07 µm, p = 0.03 at 0 
min; mean difference –0.06 ± 0.04 µm, p = 0.04 at 5 mins and mean 
difference –0.10 ± 0.07 µm at, p = 0.04 at 10 mins of near accommodation 
task) [Figure 5.3]. 
5.3.3.3 Spherical aberration 
Fourth order primary spherical aberration C(4,0) changed significantly from 
distance accommodation to near accommodation with natural pupils 
[ANOVA, stimulus p < 0.001; stimulus by refractive error p = 0.03]. Pairwise 
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comparison revealed significant differences between myopes and 
emmetropes for changes in C(4,0) after 5 mins and 10 mins of the near 
task with high level of accommodation (5 D) (both p = 0.04) (Figure 5.3). 
The interaction of time by refractive error approached significance (p = 
0.05) for changes in secondary spherical aberration C(6,0) in downward 
gaze. Myopes exhibited more positive C(6,0) after 0 min task with 2.5 D 
and 5 D accommodation compared to emmetropes [mean difference 
(myopes – emmetropes): +0.02 ± 0.02 µm after 0 min task with 2.5 D 
accommodation, p = 0.04 and +0.02 ± 0.01 µm after 0 min task with 5 D 
accommodation, p = 0.04] (Figure 5.4). 
Group mean refractive power analysis showed that the changes in primary 
and secondary spherical aberration resulted in more negative power in the 
periphery of the natural pupils during near accommodation in myopes 
compared to emmetropes (p < 0.05), particularly during a higher level of 
accommodation (5 D) (Figure 5.5). The group mean longitudinal spherical 
aberration (i.e. the dioptric difference between the marginal ray focus and 
the paraxial ray focus) was ~80% more negative in myopes (–0.98 ± 0.81 
D) than emmetropes (–0.16 ± 0.55 D), after 10 mins task in downward gaze 
with 5 D accommodative stimulus (p = 0.008).
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Figure 5.2: The group mean (± SE) distribution of higher order RMS error during distance accommodation (0.2 D), 2.5 D and 5 D 
near accommodation in downward gaze over the 10 mins course of near task for natural pupil sizes among emmetropes and 
myopes. Asterisks indicate a statistically significant difference between refractive error groups (Bonferroni corrected pairwise 
comparison p < 0.05). The numerical values against each of the bars indicate the group mean natural pupil diameters (PD) in 
millimetres for myopes and emmetropes for the various testing conditions.
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Figure 5.3: The group mean (± SE) distribution of primary spherical aberration C(4,0) during distance accommodation (0.2 D), 2.5 D 
and 5 D near accommodation in downward gaze over the 10 mins course of near task for natural pupil sizes among emmetropes 
and myopes. Asterisks indicate a statistically significant difference between refractive error groups (Bonferroni corrected pairwise 
comparison p < 0.05). The numerical values against each of the bars indicate the group mean natural pupil diameters (PD) in 
millimetres for myopes and emmetropes for the various testing conditions.
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Figure 5.4: The group mean (± SE) distribution of secondary spherical aberration C(6,0) during distance accommodation (0.2 D), 
2.5 D and 5 D near accommodation in downward gaze over the 10 mins course of near task for natural pupil sizes among 
emmetropes and myopes. Asterisks indicate a statistically significant difference between refractive error groups (Bonferroni 
corrected pairwise comparison p < 0.05). The numerical values against each of the bars indicate the group mean natural pupil 
diameters (PD) in millimetres for myopes and emmetropes for the various testing conditions.
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After 10 mins of the task 
 
Figure 5.5: Group mean refractive power maps illustrating spherical aberration [primary SA C(4,0) + secondary SA C(6,0)] during 
accommodation with various stimuli (0.2 D, 2.5 D and 5 D) in downward gaze after the 10 mins course of the near task for natural 
pupils for emmetropes (top panel) and myopes (bottom panel). Longitudinal spherical aberration (LSA) is given in terms of the 
dioptric difference between the marginal ray focus and the paraxial ray focus. Except for primary and secondary SA, all other lower 
(defocus and astigmatism) and higher order terms were excluded from the refractive power maps.
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5.4 Discussion  
In this study, myopic subjects showed significantly different levels of higher 
order aberrations (particularly primary spherical aberration and trefoil) to 
emmetropes with natural pupils during a near task in downward gaze over 
10 mins. A significantly greater level of higher order RMS was found in 
myopes than emmetropes during the near task with the higher level of 
accommodation (5 D). However, in the previous chapter (Chapter 4), we did 
not observe any significant differences in higher order aberrations between 
refractive error groups during accommodation when pupil size was 
controlled (fixed 3.0 mm pupil). Therefore, the slightly larger natural pupils 
in myopes lead to an increase in the level of higher order aberrations 
compared to emmetropes during the near tasks.   
Longitudinal spherical aberration (i.e. the dioptric difference between the 
marginal ray focus and the paraxial ray focus) was found to be more 
negative in myopes than emmetropes during accommodation for natural 
pupils in downward gaze. Therefore, the rays of the light passing through 
the periphery of the pupil would come to focus behind the paraxial rays, 
resulting in a relative peripheral hyperopic defocus. Perhaps, the 
consequence would be that a greater level of negative spherical aberration 
in myopes associated with near tasks at a close working distance (i.e. 
corresponding to the high accommodation demand) could influence the 
tendency of myopia progression. Animal studies have found that hyperopic 
defocus both in terms of overall defocus (Wildsoet and Wallman 1995; 
Smith and Hung 1999) and peripheral hyperopic defocus (Liu and Wildsoet 
2011) promotes eye growth.  
We found greater levels of accommodative errors (lag) at the beginning of 
the near task with 2.5 D (mean lag 0.55 D) and 5 D (mean lag 0.83 D) 
accommodation stimuli. At the end of the 10 mins near task, the mean 
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accommodation errors (lag) were reduced to 0.47 D and 0.32 D for a 2.5 D 
and 5 D accommodation stimuli, respectively. This amount of 
accommodation error (lag) is within the normal range of depth of focus of 
the human eye which is about 0.25 to 0.44 D (Atchison et al. 1997). There 
were no significant differences in the accommodative lag between refractive 
error groups during the near tasks over time. This finding conflicts with 
many other studies that observed a higher level of accommodation error 
(lag) in myopes than emmetropes, particularly when negative lenses are 
used to stimulate accommodation (Ramsdale 1985; McBrien and Millodot 
1986b; Jones 1990b; Bullimore et al. 1992; Gwiazda et al. 1993; Abbott et 
al. 1998; He et al. 2005). However, the magnitude of accommodation error 
has been found to be much lower when accommodation was stimulated by 
a free space target (Gwiazda et al. 1993; Abbott et al. 1998; Schaeffel et al. 
1999; Chen and O'Leary 2000; Subbaram and Bullimore 2002; Charman 
and Radhakrishnan 2009), as used in this study.  
One of the limitations of this study is the presence of an aniso-
accommodative demand between two eyes during measurements of the 
wavefront. Therefore, if we take the extreme examples of a myopic subject 
with the refractive error of –5.50 DS/ –0.75 ×180 and an emmetropic 
subject (+0.50 DS), these two subjects’ fellow eye would have 0.62 D and 
0.22 D (respectively) lower stimulus to accommodation with the 5 D 
stimulus, compared to the measured eye. The measured eye outcome 
would therefore depend on whether the measured or fellow eye dominated 
the accommodation response. There are conflicting findings in the literature 
about the capacity for fellow eyes to show differences in accommodation 
response (Koh and Charman 1998; Marran and Schor 1998).  
Another finding of this study is that the level of accommodation error 
gradually decreases with time during a near task, with the change being 
more pronounced with a higher accommodative demand (5.0 D). This result 
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confirms the findings of previous studies (Schor et al. 1986; Rosenfield and 
Gilmartin 1999). Rosenfield and Gilmartin (1999) hypothesised that the 
slow blur-driven accommodation response (SBAR) could potentially be the 
cause of an increase in accommodation response over time.  
Pupil size decreased with an increase in accommodation, which reflects the 
well known pupillary near reflex (Marg and Morgan 1949). In addition, we 
observed that the pupillary response with accommodation varies over time 
during a near task. A recent study of dynamic accommodation also 
observed a similar trend, with changes in pupil size and accommodation 
over 30 mins duration (Wolffsohn et al. 2011). This may be associated with 
changes in the sympathetic nervous system during prolonged adaptation to 
the near task (Vasudevan et al. 2009).  
It has been proposed that the autonomic nervous system may play an 
important role in myopia progression associated with near work and 
accommodation (Chen et al. 2003; Vasudevan and Ciuffreda 2008). The 
balance of the autonomic nervous system can be estimated by monitoring 
the near pupillary reflex during accommodation. It has been hypothesised 
that myopia is characterized by an insufficiency in parasympathetic input 
(Stephens 1985; Jiang 1995; Woung et al. 1998), therefore myopes would 
be predicted to show larger pupil sizes than emmetropes during a near 
task. We found no significant difference in pupil size between emmetropes 
and myopes with 5 D accommodation stimulus during the short term (10 
mins) near task. This finding is consistent with the results of the previous 
studies that observed no significant difference in pupil size between 
refractive error groups (Jones 1990a; Winn et al. 1994; Subbaram and 
Bullimore 2002; Netto et al. 2004). In contrast, Chaidaroon and 
Juwattanasomran (2002) found that mean pupil size in myopes was 
significantly larger than in emmetropes. We cannot discount the possibility 
that longer periods of near work accompanying higher levels of 
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accommodation may lead to a substantially larger difference in pupil size 
between myopes and emmetropes.  
5.5 Conclusion  
We have investigated the optical properties of the eye during a sustained 
period of a near task for natural pupils. Pupil size decreases during a near 
task over time, though no significant differences were found between 
refractive error groups in terms of pupil size. The level of accommodation 
error (lag of accommodation) also reduces during a near task over time. 
Myopic subjects exhibited a greater level of higher order aberrations during 
a near task in downward gaze over time, with a higher level of 
accommodative stimulus (5D). An interesting pattern of change in spherical 
aberration was found during a near task in downward gaze over time with 
natural pupils, in which primary spherical aberration was significantly more 
negative in myopes than emmetropes with 5 D accommodative stimulus 
after 10 mins of the near task.
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Chapter 6 
6 Changes in corneal optics, total optics and ocular 
biometrics with accommodation in downward gaze 
6.1 Introduction 
In chapter 4 and chapter 5, the characteristics of the human eye’s optics 
were studied in downward gaze during a near task under natural viewing 
conditions. We found a myopic shift in mean spherical refractive power of 
the eye occurs in downward gaze. Small but significant changes in 
astigmatism and higher order aberrations of the eye were also found in 
downward gaze. In this chapter, we extend this work to study the 
characteristics of the eye’s corneal optics, internal optics and biometric 
properties during a near task in downward gaze.  
Previous studies reported significant changes in corneal astigmatism and 
higher order aberrations following short or long term near tasks in 
downward gaze (Buehren et al. 2003a; Shaw et al. 2008). These corneal 
changes appear to be caused by altered pressure from eyelids associated 
with the narrow palpebral aperture in downward gaze (Shaw et al. 2009). 
However, these previous studies have only assessed corneal changes 
following a near task in downward gaze, since it is difficult to measure 
corneal topography during downward gaze using a conventional 
videokeratoscope.    
The internal optics of the eye could also change during downward gaze due 
to biomechanical forces (e.g. extraocular muscle forces on the globe) or 
gravitational effects on the optical components of the eye. In chapter 4, we 
observed a greater change in the optics of the eye (in particular spherical 
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aberration and coma) in downward gaze than in primary gaze, with 
accommodation (Ghosh et al. 2011b). We hypothesised that these changes 
in the internal optics are most likely due to changes in the crystalline lens in 
downward gaze with accommodation (e.g. forward movement and/or tilt), 
since the cornea shows little evidence of change with accommodation 
(Buehren et al. 2003b; Read et al. 2007).  
There is a general agreement that myopia progression in the younger 
population is caused by an increase in axial length of the eye (Hyman et al. 
2005; Saw et al. 2005a), and some researchers have found that 
accommodation may result in a small magnitude axial elongation during 
near tasks (Drexler et al. 1998; Mallen et al. 2006; Read et al. 2007; 
Woodman et al. 2011). The axial elongation during accommodation is most 
likely associated with the mechanical force caused by ciliary muscle 
contraction. Downward gaze and accommodation may have a different 
impact on the changes in axial length due to differences in the mechanical 
forces (e.g. ciliary muscle and extraocular muscles forces) and gravitation 
acting on the globe. 
Therefore, in order to better understand the mechanism for the optical and 
biometric changes of the eye during natural viewing conditions of a typical 
near task, we investigated the changes in ocular aberrations, corneal 
aberrations, anterior biometrics and axial length associated with 
accommodation. This was conducted at 25° downward gaze with binocular 
fixation at two levels of accommodation (0 D and 2.5 D) using a modified 
Shack-Hartmann aberrometer, a modified non-contact optical biometer and 
a modified Pentacam Scheimpflug imaging system over 10 mins duration. 
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6.2 Methods 
6.2.1 Subjects 
Twenty young adult subjects (10 emmetropes and 10 myopes) aged 
between 18 and 30 years (mean age 24 years) were recruited for this 
study. A sample size of 30 provided 74% power to detect a 0.1 ± 0.05 D 
change in refractive power in downward gaze.The mean spherical 
equivalent of the emmetropic subjects was – 0.14 ± 0.24 DS (mean ± SD) 
[range: + 0.20 D to – 0.50 D] and that of the myopic subjects was – 2.26 ± 
1.42 DS [range: – 1.00 D to – 4.06 D]. None of the subjects had 
anisometropia greater than 1.00 DS and astigmatism greater than 1.50 DC. 
Ocular history, subjective refraction and best corrected high contrast visual 
acuity were recorded for each subject. All subjects were free of any 
significant ocular diseases and had no history of eye surgery. Monocular 
and binocular amplitudes of accommodation were obtained with the push-
up test. Subjects recruited in the study had no binocular anomalies and 
monocular amplitude of accommodation greater than 7 D. All subjects had 
best corrected visual acuity of logMAR 0.00 or better in both eyes. Any 
subjects who habitually wore soft contact lenses (n = 2) was asked to 
discontinue lens wear for 2 days prior, and during their involvement with the 
study. Ethics approval was obtained from the University Human Research 
Ethics Committee prior to the commencement of the study (see Appendix 
2). Subjects were treated in accordance with the declaration of Helsinki.  
6.2.2 Experimental design 
6.2.2.1 Instrumentation 
The Pentacam HR Scheimpflug imaging system (Oculus, Wetzlar, 
Germany) and Lenstar LS900 non-contact optical biometer (Haag-Streit 
international, Koeniz, Switzerland) were shifted from their conventional 
instrument tables to a custom built, height and tilt adjustable stage (Figure 
6.1). Therefore, we could incline the two instruments (Pentacam HR and 
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biometer) at a 25° angle during downward gaze measurements (Figure 
6.1).  
The subjects’ head position was adjusted with a sliding bar mounted on the 
headrest to maintain a consistent upright head position during both 
downward gaze (25 degrees rotation of the eye) and primary gaze 
conditions. To verify head angle during downward gaze, digital images of 
the head positions were captured for both primary gaze and downward 
gaze conditions. The digital photo was an image of the head from the side 
and a “reference line” was drawn (e.g. a straight line connecting top of the 
ear to bottom of nose) based on facial features (Figure 6.2). We then 
measured the relative angle of the reference line in both the downward and 
primary gaze images to confirm the true amount of head turn.  
 The subject’s chinrest was mounted on an aluminium rail, and the chair 
was mounted on a sliding stage in such a way that we could shift the 
subject from one instrument to the next while they continued to perform a 
visual task, uninterrupted in primary or downward gaze. This maintained an 
equal accommodation response and angle of gaze between measurements 
for the two instruments. A free space accommodation target (displayed on a 
digital pocket device screen) was also mounted on the subject’s chinrest 
(Figure 6.1). We were able to control movement of the sliding stage using 
an electromagnetic brake (Figure 6.1).    
A modified wavefront sensor (COAS HD relay system) was used to 
measure ocular aberrations from each subject’s left eye under a binocular 
fixation in primary and downward gaze. The working principle, 
measurement technique and validation of this instrument are explained in 
Chapter 3 (Figure 3.1) (Ghosh et al. 2011a). To maintain an identical 
measurement condition for all three instruments, the COAS HD, Pentacam 
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HR and Lenstar (i.e. dichoptic view of the external target and instrument 
fixation target), we replaced the hot mirror (i.e. M2 in Figure 3.1, Chapter 3) 
with a gold coated front surface mirror in the COAS-HD relay system.
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Figure 6.1: The experimental setup to allow measurements of corneal topography, anterior biometrics, axial length and digital 
images of the eye in primary and downward gaze. Top right panel shows the electromagnet brake system for the chair movement 
and the bottom right panel shows the tilting stage to incline the ophthalmic instruments.
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Figure 6.2: Subject’s head postures during the measurements with the 
optical biometer and Pentacam HR using a tilting stage for various testing 
conditions. Dashed line indicates the reference line used to determine the 
head angle in each condition. A consistent upright head position was 
maintained during both downward gaze (25 degrees rotation of the eye) 
and primary gaze conditions. 
 
Chapter Six
148 
 
6.2.2.2 Stimulus 
The subject’s fellow eye (OD) was fixating on a free space high contrast 
Maltese cross target with an accommodation demand of of 0.17 D (for 
simplicity it is referred to as 0 D or no accommodation) and 2.5 D. 
Therefore in dichoptic view, an image of the external target was visible with 
the right eye and an image of the instrument’s (wavefront sensor, biometer 
or Pentacam HR) fixation target was simultaneously seen from the left 
(tested) eye.  
6.2.2.3 Refractive error correction 
Subjects were given their full distance refractive error correction (spherical 
equivalent) before the fellow eye (OD) during each of the testing conditions. 
Vertex distance of the trial lenses was considered to determine the 
refractive error correction. The refractive error correction was in the form of 
trial lenses mounted in the optical path to the fixation target (Maltese cross). 
Mutti et al.’s thin lens formula taking into account spectacle lens effectivity 
was used to determine the target distance for myopic subjects, to ensure 
that the accommodative stimulus was constant for all subjects (Mutti et al. 
2000a). 
6.2.3 Data collection procedures 
Measurements of the corneal optics, ocular biometrics and total optics of 
the eye were taken using the modified Pentacam HR, Lenstar optical 
biometer and Shack-Hartmann wavefront sensor respectively, with various 
levels of accommodation in different angles of gaze for three different 
testing conditions, i) no accommodation downward gaze, ii) 2.5 D 
accommodation downward gaze, and iii) 2.5 D accommodation downward 
gaze. The three different experimental conditions (accommodation and 
gaze combinations) are and the full experimental procedures are outlined in 
the following section (Figure 6.4). 
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6.2.3.1 Pentacam HR 
The Pentacam HR Scheimpflug imaging system was used to assess the 
anterior corneal optics in primary and downward gaze with 0 D and 2.5 D 
accommodative stimuli. In addition, we also assessed relative changes in 
the crystalline lens position (anterior surface) with accommodation in 
downward gaze using the instrument’s anterior chamber depth (i.e. 
distance from posterior cornea to anterior lens) data. Previous studies have 
shown that the Pentacam HR has excellent reliability, repeatability and 
interobserver reproducibility for measuring anterior chamber biometrics 
(Barkana et al. 2005; Lackner et al. 2005a; Lackner et al. 2005b). 
Pentacam measurements were obtained using the “25 picture 3D scan” 
mode. Two corneal 3D scans were captured during each measurement 
session. The instrument provided a ‘quality specification’ (QS) for each 3D 
scan which checks for alignment, eye movements and any missing or 
invalid data. Any Pentacam scans flagged as ‘invalid’ or ‘blink’ were 
repeated.  
6.2.3.2 Lenstar LS900 
The Lenstar optical biometer was used to assess the changes in central 
corneal thickness (CCT, the distance from the anterior to the posterior 
corneal surfaces), anterior chamber depth (ACD, the distance from the 
posterior corneal surface to the anterior lens surface), crystalline lens 
thickness (LT, the distance from the anterior lens surface to the posterior 
lens surface) and axial length (AxL, the distance from the anterior corneal 
surface to the retinal pigment epithelium) during accommodation in 
downward gaze (Figure 6.3). The Lenstar optical biometer works on the 
principle of optical low-coherence reflectometry and provides precise and 
highly repeatable measurements of ocular biometrics that are comparable 
with other validated instruments (Buckhurst et al. 2009; Holzer et al. 2009). 
Five measurements were taken during each measurement session and 
later averaged.  
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Figure 6.3: Ocular biometric parameters measured by Lenstar non contact 
optical biometer. Central corneal thickness (CCT) = the distance from the 
anterior to the posterior corneal surfaces; anterior chamber depth (ACD) = 
the distance from the posterior corneal surface to the anterior lens surface; 
crystalline lens thickness (LT) = the distance from the anterior lens surface 
to the posterior lens surface and axial length (AxL) = the distance from the 
anterior corneal surface to the retinal pigment epithelium.
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Figure 6.4: Flowchart of the experimental procedures, illustrating the different visual tasks performed and timing of the 
measurements. These baseline measurements were taken prior to each of the testing conditions. The visual task during 
each testing condition was carried out for 10 mins.
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6.2.3.2.1 Session I (No accommodation in downward gaze) 
Before taking measurements, the subject performed a distance task 
(subjects watched a video on TV) binocularly at a 6 m distance. Constant 
viewing of the distant target (watching a video) for 10 mins was considered 
as a control task to standardize the ocular parameters before measurements 
were taken. We then measured corneal topography and anterior chamber 
depth (central and peripheral) using the Pentacam HR and ocular biometrics 
using the Lenstar optical biometer in primary gaze at the end of the 10 
minutes “control task”. During the measurements, the subjects were 
instructed to fixate the Maltese cross with 0 D accommodation demand. 
These baseline measurements were taken prior to each of the three 
sessions. 
After baseline measurements, the Pentacam HR and biometer were tilted by 
25° in downward gaze. The subject remained in the headrest throughout the 
testing session and was watching a video through a front surface mirror with 
a 0 D accommodation demand. After 0 min (immediately after task), 5 mins 
and 10 mins from the starting time (watching a video) we took measurements 
of corneal topography and anterior chamber depth using the Pentacam HR 
and ocular biometrics using the optical biometer in downward gaze. After 
Pentacam HR measurements, the subject was shifted from the Pentacam 
HR to the optical biometer. However, the subject continued the 0 D far visual 
task throughout the test session for the 10 mins duration. The time difference 
between collecting the optical biometer and Pentacam HR measurements 
was about 1-2 minutes. To avoid any systematic error that may occur due to 
the time difference in measurements between instruments, the testing order 
(Pentacam HR and optical biometer) was randomized. 
During measurements with the Pentacam HR and optical biometer, the 
fixation was controlled by pausing the video (since we did not want any 
Chapter Six
153 
 
movement to distract the subject’s fixation) and the subject then fixated on 
the centre of a high contrast Maltese cross target, displayed on the screen.  
6.2.3.2.2 Session II (2.5 D accommodated downward gaze) 
The subjects had a break for 5 mins after the completion of each session. 
The next session began with the control task (10 mins distance watching 
video in primary gaze) before beginning the next test condition session. In 
this condition, corneal topography and ocular biometrics were measured in 
downward gaze (25 degrees) while the subject was watching a DVD 
(watching movie on a digital pocket device screen) with an accommodation 
demand of 2.5 D. Otherwise an identical measurement protocol was followed 
during the test condition as in the first session. 
6.2.3.2.3 Session III (2.5 D accommodation primary gaze) 
In this session, the subject was involved in a near task with an 
accommodation demand of 2.5 D (watching movie on a pocket device 
screen) in primary gaze. Otherwise, an identical protocol was followed as per 
the other sessions.  
The order of the three sessions (no accommodation downward gaze, 2.5 D 
accommodation downward gaze and 2.5 accommodation primary gaze) were 
randomized to avoid the potential for systematic bias in the results.  
To determine cyclotorsion of the eye during downward gaze and 
accommodation, digital photos of the external eyes were captured at the start 
of the each testing condition. A Canon EOS digital camera (Rebel T3) with a 
macro lens and external ring light was mounted on the tilting stage. 
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As corneal shape and ocular biometrics are known to undergo some diurnal 
variation (Read et al. 2008; Read and Collins 2009) and can be altered by 
prior visual tasks (Buehren et al. 2003a; Read et al. 2010c), testing for all 
subjects was carried out between 9 am and 5 pm at least 2 h after waking. 
Subjects were advised to refrain from substantial near tasks before the 
testing sessions. 
6.2.3.3 Data collection using a modified COAS-HD relay system 
The protocol for wavefront measurements was similar for each test 
condition to that used in Experiment 1 (Chapter 4). Ocular wavefronts were 
obtained under a binocular viewing condition for three test conditions: a) no 
accommodation downward gaze, b) 2.5 D accommodation primary gaze 
and c) 2.5 D accommodation downward gaze using a modified COAS-HD 
relay system. The only difference in the methods in this study was that we 
did not measure wavefront aberrations during the recovery period after the 
task. Therefore, each measurement session took 20 mins (10 min control 
task, 10 min test condition) to complete. The testing order between the two 
systems (COAS-HD relay system and Pentacam HR/ biometer) was 
alternated to avoid systematic bias. There was a 10 mins break between 
COAS-HD relay measurements and Pentacam HR/ biometer 
measurements. 
6.2.4 Data analysis 
6.2.4.1 Corneal wavefront 
We exported corneal elevation maps for each subject from the Pentacam 
HR and then averaged the multiple maps for each condition, according to 
the method of Buehren et al. (2003b). By using a method outlined by 
Guirao and Artal (2000), the anterior surface of the cornea was modelled as 
a single surface optical system to create the corneal wavefront error. The 
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wavefront was fitted with Zernike polynomials (image plane at circle of least 
confusion, wavelength λ = 555 nm, refractive index = 1.376) up to the 8th 
radial order using the nomenclature recommended by the Optical Society of 
America (Thibos et al. 2002a) for a fixed 5.0 mm pupil diameter for the “no 
accommodation” condition, and for a 3.0 mm pupil diameter for the “2.5 D 
accommodation” conditions (primary gaze and downward gaze). To 
compare corneal wavefront data against total wavefront data (obtained from 
the wavefront sensor), the corneal wavefront data were centred on the line 
of sight (pupil centre) using previously described methods (Applegate et al. 
2000; Thibos et al. 2002a).  
To remove any artifact in the corneal changes associated with torsional eye 
movements, we have corrected cyclotorsion of the eye during downward 
gaze and accommodation conditions. To achieve this, we identified relative 
shifts (angular) of limbal or conjunctival blood vessels in primary gaze and 
downward gaze with accommodation, using high resolution digital images 
and custom written software (Figure 6.5). A similar technique was also used 
by Buehren et al. (2003b).
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Figure 6.5: Image rotation technique to determine the unique cyclotorsion of the eye during downward gaze and accommodation. 
To determine cyclotorsion, we identified relative angular shifts of limbal or conjuctival blood vessels in primary gaze (top left) and 
25° downward gaze (top right) with accommodation. Three sets of control points (1, 2 and 3) were selected from the two images 
(primary gaze and 25° downward gaze), and then image transformation was applied. Bottom panel of this figure illustrates a 
magnified (200%) view of the blood vessels that have been used as landmarks. 
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6.2.4.2 Total (ocular) wavefront  
We used a similar technique and protocol to analyse total wavefront data as 
described in Chapter 4. The wavefront was fitted with Zernike polynomials 
up to the 8th radial order for a fixed 5.0 mm pupil diameter for the no 
accommodation condition, and for a 3.0 mm pupil diameter for the 2.5 D 
accommodation condition. In order to correct cyclotorsion, the iris images 
from the wavefront sensor were analysed for each subject as described in 
Chapter 3 (Ghosh et al. 2011a). The vector components of refractive error 
(M, J0 and J45) for both the cornea and total eye (ocular) were determined 
separately from their wavefront aberration data using custom written 
software (Matlab based) (Iskander et al. 2007).  
6.2.4.3 Crystalline lens shape 
Anterior and posterior corneal elevation maps, pachymetry and anterior 
chamber depth data were exported from the Pentacam HR. We created 
posterior shape of the cornea using anterior chamber depth, posterior 
corneal elevation and central pachymetry data. Then we obtained lens/iris 
shape from the posterior corneal shape and anterior chamber depth (Figure 
6.6). To remove iris data from the lens/iris profile, we excluded those points 
which fall outside the pupillary margin (Figure 6.7). Therefore, the final 
screened data represent only the anterior lens shape.  
Since the anterior lens surface is being imaged through the cornea there 
will be some image distortion in the anterior lens data (Rosales and Marcos 
2009). Therefore the derivation of the true shape of the anterior lens 
surface would require a mathematical method to correct this error. 
However, in this study we were interested in the change in anterior lens 
shape and position in the three conditions. Since we would expect these 
changes in anterior chamber depth and the corneal surfaces to be relatively 
small in comparison with their overall magnitude, the error associated with 
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image distortion should have a similar effect on the measurements of all 
three conditions and therefore should have minimal influence on the 
changes derived. 
 
Figure 6.6: A two dimensional representation of anterior corneal shape, 
posterior corneal shape and anterior lens shape along the 180° meridian 
that have been created from corneal elevation data (anterior and posterior), 
anterior chamber depth and central pachymetry of the cornea.
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Figure 6.7: A three dimensional representation of lens/iris data of a single subject obtained from Pentacam HR with a 
natural pupil as example. To represent anterior crystalline lens shape, iris data were removed from the lens/iris data.
Chapter Six
160 
 
In order to calculate the slope of the anterior lens surface we have used a 
two dimensional plane fit as a linear function of two variables Z (x, y) 
[Figure 6.8]. As a plane the linear equation is : 
                                         Z = a+ bX + cY                                           (6.1) 
We have computed the gradient, grad (z) as a vector  
                                 Grad (Z) = [∆Zx /∆X, ∆Zy /∆Y] = [b, c]                 (6.2) 
We have decided to define the slope of this plane as the maximum 
directional derivative of this function over all possible directions in the (x, y) 
plane. Therefore, slope and angle between two surfaces (e.g. baseline vs 
accommodation down) were calculated as follows:                                                  𝑆 = √𝑏2 + 𝑐2  = ∆Zθ /∆dθ                              (6.3)                                                                 𝑡𝑎𝑛 𝜃 = 𝑐/𝑏                                                (6.4)                                                𝑎𝑛𝑔𝑙𝑒, 𝜃 = 𝑡𝑎𝑛−1  (𝑐
𝑏
)                                               (6.5) 
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Figure 6.8: A three dimensional diagram of a plane that corresponds with 
the equations 6.1-6.5. 
6.2.4.4 Ocular biometrics 
For each test condition, the mean ocular biometric components (central 
corneal thickness, anterior chamber depth, lens thickness and axial length) 
data were derived for each subject from the Lenstar optical biometer data 
output. Changes in lens thickness during downward gaze and 
accommodation may lead to an increase in the eye’s average refractive 
index. Therefore, axial length measurements collected with the instrument 
during downward gaze accommodation may be overestimated. We 
therefore corrected the changes in axial length during downward gaze and 
accommodation based on the measured lens thickness for each subject 
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(Atchison and Smith 2004). These values were then used to calculate 
actual change in axial length for each test condition (no accommodation 
down, 2.5 D accommodation primary and 2.5 D accommodation down) for 
each subject. 
6.2.4.5 Statistical analyses 
Statistical analyses were performed using SPSS statistics software (version 
19). A repeated measures ANOVA was performed to assess the 
significance of corneal and total wavefront and ocular biometric 
components changes in the various test conditions (within-subjects factors) 
and the effects of measurement time within the task. The between subject 
factor was refractive error group (myopes and emmetropes).  
6.3 Results 
6.3.1 Changes in ocular and corneal refractive error 
Analysis of the ocular and corneal wavefront showed a number of 
significant changes in the refractive components and the higher order 
Zernike coefficients in downward gaze with no accommodation compared 
with no accommodation in primary gaze (baseline).  
The group mean changes of ocular and corneal refractive components (M, 
J0 and J45) from baseline (for 5.0 mm pupil diameter) are presented in 
Figure 6.9. The mean ocular spherical equivalent (M, ocular) shifted in the 
myopic direction over 10 mins in downward gaze from baseline (mean 
difference – 0.10 ± 0.03 D at 10 mins, ANOVA, p < 0.05) (Figure 6.9). The 
mean corneal spherical equivalent (M, corneal) was also shifted in the 
myopic direction over time (ANOVA, p < 0.05). Pairwise comparison 
revealed significant changes in corneal mean refraction (M) from baseline 
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at 5 mins (mean difference – 0.06 ± 0.04 D, p = 0.04) and 10 mins (mean 
difference – 0.07 ± 0.03 D at 10 mins duration, p = 0.03).  
There were no significant changes in corneal astigmatism (J0 and J45, both 
p > 0.05) and ocular astigmatism J45 (J0 and J45, both p > 0.05) in 
downward gaze with the no accommodation condition compared with the 
baseline (Figure 6.9). There were no significant interactions between gaze 
and refractive group or time and refractive group for the changes in corneal 
and total refraction (all p > 0.05). 
 
The mean ocular refractive power (M) shifted in the myopic direction with 
the 2.5 D accommodation for both the primary (mean change –2.04 ± 0.20 
D after 10 mins task) and downward gaze (mean change –2.34 ± 0.15 D 
after 10 mins task) compared with the baseline for a 3 mm fixed pupil (both 
p < 0.001). However, there were no significant changes in corneal refractive 
power with accommodation for both primary gaze (mean change < 0.01 ± 
0.13 D after 10 mins task, p > 0.05) and downward gaze (mean change 
0.02 ± 0.13 D after 10 mins task, p> 0.05).    
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Figure 6.9: The group mean changes (± SE) of corneal and total (ocular) refractive components in downward gaze with respect to 
baseline with the no accommodation condition over the 10 mins task for a fixed 5.0 mm pupil diameter. The baseline value was 
taken after 10 mins of viewing a 6 m target [i.e., no accommodation (0 D)] in primary gaze. Values at time 0 min of the task were 
taken immediately after the task commenced. In this plot, both ocular M and corneal M show a significant difference between 
primary gaze and downward gaze during the no accommodation task (ANOVA p < 0.05 *).
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6.3.2 Changes in higher order aberrations 
Of the corneal higher order aberrations, the terms that changed significantly 
in downward gaze from baseline after 10 mins of no accommodation task 
(for 5.0 mm pupil) were vertical trefoil C (3,–3) [mean changes from 
baseline: – 0.005 ± 0.007µm at 0-min, – 0.015 ± 0.006µm at 5 mins and – 
0.015 ± 0.007µm at 10 mins, p < 0.05], vertical coma C(3,– 1) [mean 
changes from baseline: 0.017± 0.008 µm at 0-min, 0.008 ± 0.006µm at 5-
min and 0.014 ± 0.007 µm at 10-min, p < 0.05] and tetrafoil 30° C(4,4) 
[mean changes from baseline: – 0.007± 0.009 µm at 0 min, – 0.009 ± 
0.003µm at 5 mins and – 0.016 ± 0.007 µm at 10 mins, p < 0.05] (Figure 
6.10).  
Most of the ocular higher order coefficients shifted in the similar direction to 
the corneal higher order coefficients in downward gaze such as, C(3,–3) 
[mean changes from baseline: – 0.004 ± 0.008 µm at 0-min,– 0.001 ± 0.008 
µm at 5-min and – 0.003 ± 0.008 µm at 10-mins], C(3,–1) [mean changes 
from baseline from baseline: 0.009 ± 0.006 µm at 0 min, 0.009 ± 0.007µm 
at 5 mins and 0.011 ± 0.005 µm at 10 mins] and horizontal coma C(3,1) 
[mean changes from baseline: – 0.001 ± 0.007 µm at 0 mins, 0.008 ± 
0.008µm at 5 mins and – 0.004 ± 0.007 µm at 10 mins]. Significant 
differences were observed for the changes in C(4,4) and secondary coma 
C(5,–1) between the cornea and total (ocular) wavefront [mean differences 
(ocular – cornea): C(4,4), 0.027 ± 0.07 µm at 10 mins, ANOVA p < 0.05 and 
C(5,-1), 0.008 ± 0.03 µm at 10 mins, p < 0.05)] (Figure 6.10). 
We did not observe any significant change in corneal higher order 
aberrations with the 2.5 D accommodation stimulus (for 3.0 mm pupil 
diameter) in primary gaze over time (p > 0.05). Changes in ocular vertical 
coma C(3,–1) and ocular horizontal coma C(3,1) with accommodation in 
primary gaze approached significance after 10 mins of the near task [mean 
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changes from baseline: C(3,–1), 0.011 ± 0.005 µm, pairwise comparison, p 
= 0.09 and C(3,1) , 0.008 ± 0.006 µm, p = 0.10] (Figure 6.11).  
During the accommodation task in downward gaze, changes in corneal 
vertical trefoil C(3,–3) approached significance after 5 mins of the near task, 
compared to the baseline (mean change from baseline – 0.014± 0.007 µm, 
pairwise comparison, p = 0.06). Of the ocular higher order aberrations, 
primary spherical aberration C(4,0) shifted significantly in the negative 
direction with 2.5 D accommodation stimulus during downward gaze over 
10 mins from the baseline (mean change – 0.012 ± 0.003 µm at 10 mins, p 
= 0.005). There were no significant differences between myopes and 
emmetropes for changes in higher order aberrations in downward gaze with 
and without accommodation (p > 0.05).
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Figure 6.10: The group mean changes (± SE) of corneal and ocular (total) higher order aberrations in downward gaze with 
respect to baseline with the no accommodation condition over the 10 mins task for a fixed 5.0 mm pupil diameter. The 
baseline value was taken after 10 mins of viewing a 6 m target [i.e., no accommodation (0 D)] in primary gaze. Values at 
time 0 min of the task were taken immediately after the task commenced. Of the corneal aberrations, vertical trefoil C(3,−3), 
vertical coma C(3, −1) and tetrafoil C(4,4) show significant changes with no accommodation in downward gaze compared 
with primary gaze (ANOVA p < 0.05 *) . Of the total aberrations, secondary astigmatism C(4, −2), tetrafoil C(4,4) and 
secondary coma C(5, −1) show significant changes with no accommodation in downward gaze compared with primary gaze 
(ANOVA p < 0.05 *).
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Figure 6.11: The group mean changes (±SE) of higher order aberrations in 
primary gaze (top panel) and in downward gaze (bottom panel) with respect 
to baseline with 2.5 D accommodation condition over the 10 mins task for 
fixed 3.0 mm pupil diameter. The baseline value was taken after 10 mins 
viewing a 6 m target [i.e. no accommodation (0 D)] in primary gaze. In this 
plot, changes in ocular (total) vertical coma C(3,-1) approach significance ( p 
= 0.09) during 2.5 D accommodation task in primary gaze. Spherical 
aberration C(4,0) shows significant change with 2.5 D accommodation task 
in downward gaze (ANOVA p < 0.05*) . None of the corneal coefficients up to 
8th order show significant changes with repeated measures ANOVA (p > 
0.05). 
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6.3.3 Changes in anterior biometrics 
6.3.3.1 Central corneal thickness 
Accommodation and downward gaze had no influence on central corneal 
thickness (mean difference from baseline < 2 microns for all conditions, p > 
0.05).     
6.3.3.2 Anterior chamber depth 
 The interaction with angle of gaze and gaze by time approached 
significance for changes in the anterior chamber depth (ACD) (univariate 
ANOVA, gaze, p = 0.06 and gaze by time, p = 0.09). There was a trend for 
the ACD to decrease in downward gaze with no accommodation, compared 
to primary gaze (mean changes from baseline: – 8 ± 9 µm at 0 min, – 7 ± 7 
µm at 5 mins and – 11 ± 10 µm at 10 mins) [Figure 6.12].  
Accommodation caused a dramatic change in ACD in both primary (mean 
change from baseline –114 ± 10 µm at 0 min, –127 ± 12µm at 5 min and –
138 ± 12µm at 10 min) and downward gaze (mean change from baseline –
121 ± 10µm at 0 min, –150 ± 12µm at 5 min and –163 ± 12µm at 10 min), 
compared to the baseline (ANOVA, accommodation stimulus, both p < 
0.001). Interestingly, changes in ACD with accommodation were 
significantly greater in downward gaze than primary gaze after 5 mins 
(mean difference 23 ± 11 µm, p < 0.05) and 10 mins (mean difference 25 ± 
13 µm, p < 0.05) of the tasks. 
6.3.3.3 Lens thickness 
Downward gaze had no effect on the lens thickness during the no 
accommodation task, compared to the baseline (mean change from 
baseline 2 ± 10 µm at 0 min, 3 ± 10 µm at 5 min and 4 ± 11 µm at 10 min) 
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(gaze, p > 0.5) [Figure 6.12]. The 2.5 D accommodation stimulus increased 
LT significantly for both primary (mean change from baseline 125 ± 14 µm 
at 0 min, 127 ± 15µm at 5 min and 131 ± 15 µm at 10 min) and downward 
gaze (mean change from baseline 150 ± 21 µm at 0 min, 171 ± 17 µm at 5 
min and 173 ± 17 µm at 10 min) (both p < 0.001). Pairwise comparison 
revealed that changes in lens thickness with accommodation were 
significantly greater in downward gaze than primary gaze after 5 mins 
(mean difference 44 ± 20 µm, p < 0.05) and 10 min (mean difference 42 ± 
21 µm, p < 0.05) of the near task.
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Figure 6.12: (A) Group mean changes in the anterior chamber depth and lens thickness in downward gaze with respect to baseline 
with no accommodation over the 10 mins task. (B) Group mean changes in the anterior chamber depth and lens thickness in 
primary gaze with respect to baseline with 2.5 D accommodation over the 10 mins task. (C) Group mean changes in the anterior 
chamber depth and lens thickness in downward gaze with respect to baseline with 2.5 D accommodation over the 10 mins task. 
The baseline value was taken after 10 mins viewing a 6 m target [i.e. no accommodation (0 D)] in primary gaze. Asterisks indicate 
the significant changes of ocular biometrics (ACD and LT) with the effects of accommodation and/or downward gaze. In this plot, 
change in ACD is significantly greater with accommodation in downward gaze than primary gaze. 
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6.3.3.4 Crystalline lens shape 
Using the Pentacam HR data, the group mean changes in the anterior 
surface of the crystalline lens (i.e. the changes in slope of the plane along X 
and Y directions) after the 10 mins task relative to baseline for the natural 
pupil diameter are presented in Table 6.1. There was a significant change 
in the lens slope (X slope) after 10 mins of near task in primary gaze with 
2.5 D stimulus compared with the “control” condition (i.e. no 
accommodation primary gaze) [ p = 0.01]. Downward gaze approached 
significance for the changes in lens slope along the Y direction for the 
accommodation condition (p = 0.07). 
The three dimensional average lens surface data (difference maps) indicate 
possible tilt and/or decentration of the crystalline lens relative to cornea, 
with accommodation and downward gaze (Figure 6.13). Figure 6.13 also 
shows the mean slope of the best-fit plane (S) for each of the three testing 
conditions. From Figure 6.13, it is apparent that accommodation and 
downward gaze may cause a substantial amount of tilt in the crystalline 
lens along the vertical direction. However, the magnitude of the lens tilt 
appeared to be smaller during the no accommodation condition compared 
with accommodation. In addition, it is also noticeable that axis of the lens tilt 
during no accommodation condition is opposite to the axis of the lens tilt 
during accommodation. This may have a link with the findings of the 
refractive power and higher order aberrations changes of the eye in 
downward gaze with accommodation.
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Table 6.1: Mean changes in slopes of the crystalline lens along the X and Y directions after the 10 mins task from baseline 
(i.e. no accommodation primary) for three different testing conditions (i.e. no accommodation down, 2.5 D accommodation 
primary and 2.5 accommodation down). 
 
 
Mean (± SD) changes in slopes of the crystalline lens surface after 10 mins 
task from baseline (i.e. no accommodation down) (mm) 
 
Slope X p values Slope Y p value 
No accommodation down 0.0123 ± 0.0347 0.20 0.0083 ±0.0504 0.56 
2.5 D accommodation primary  
–0.0287 ± 0.0434 
 
0.01 
 
0.0092 ± 0.0227 
 
0.16 
2.5 D accommodation down  
–0.0147 ± 0.0315 
 
0.25 
 
0.0116 ± 0.0311 
 
0.07 
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Figure 6.13: Group mean changes in anterior lens shape after 10 mins of 
near task from baseline, across the natural pupil diameter for the three 
different test conditions, (A) no accommodation downward gaze, (B) 2.5 D 
accommodation primary gaze and (C) 2.5 D accommodation downward 
gaze. 
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6.3.3.5 Axial length 
The group mean changes of axial length in downward gaze from baseline 
with no accommodation over 10 mins duration are presented in Figure 6.14. 
The mean axial length change showed a small but significant axial 
elongation (gaze, p < 0.05) in downward gaze from baseline with no 
accommodation (mean changes from baseline: 4 ± 9 µm at 0 min, 6 ± 11 
µm at 5 mins and 8 ± 13 at 10 mins). Figure 6.14 also illustrates the 
changes in axial length with 2.5 D accommodation stimulus in primary gaze 
and downward gaze relative to baseline over 10 mins duration. Changes in 
axial length with accommodation were significantly greater in downward 
gaze than primary gaze [mean differences (down – primary): 6 ± 3 µm at 0 
min, 8 ± 4 µm at 5 mins and 14 ± 7µm at 10 mins] (gaze by 
accommodation, p < 0.05).There were also significant gaze by time (p < 
0.05), gaze by time by accommodation (p < 0.05) interactions for the 
changes in axial length. There were no gaze by refractive error or refractive 
error by accommodation interactions for the changes in axial length (p > 
0.05).
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Figure 6.14: (A) Group mean changes in axial length in primary gaze and downward gaze relative to baseline with accommodation 
over the 10 mins task. In this plot, axial length changes significantly in all three testing conditions (i.e. no accommodation down, 2.5 
D accommodation primary and 2.5 D accommodation down) [ANOVA, p < 0.05*]. During accommodation, downward gaze has 
significantly greater effect on the changes in axial length than primary gaze.
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6.4 Discussion 
6.4.1 Refractive power changes 
Corneal and total ocular optics of the eye underwent small but significant 
changes in downward gaze compared to primary gaze with no 
accommodation. The magnitude of the corneal change appears to account 
for the majority of change in total optics of the eye in downward gaze. The 
mean refractive power of the cornea shifted in the myopic direction and this 
is consistent with previous findings and is probably associated with corneal 
steepening in downward gaze due to eye lid aperture narrowing (Buehren 
et al. 2003a; Shaw et al. 2008). An alternative hypothesis is that 
gravitational forces may alter corneal optics in downward gaze (Kasprzak 
and Pierscionek 2002). The magnitude and direction of total refractive 
power change in downward gaze is also consistent with the results found in 
Chapter 4. 
Corneal astigmatism was found to be shifted in a more against-the-rule 
direction in downward gaze. This result is similar to previous findings that 
have shown substantial changes in corneal astigmatism associated with 
eyelid pressure on the corneal surface after a near task in downward gaze 
(Buehren et al. 2003a; Shaw et al. 2008). In contrast to the corneal change, 
downward gaze led to a shift in total (ocular) astigmatism in the direction of 
with-the-rule astigmatism. It has been postulated that vertical tilt of the 
crystalline lens may lead to a change of astigmatism in the direction of with-
the-rule astigmatism (Radhakrishnan and Charman 2007a). Therefore, it is 
reasonable to expect that crystalline lens tilt (vertical) in downward gaze, 
may shift total (ocular) astigmatism in the direction of with-the-rule 
astigmatism, which is probably partially compensated by corneal 
astigmatism (against-the-rule). In the present study, the anterior lens 
surface appears to show a substantial tilt in both X, and Y Cartesians 
planes of the crystalline lens in downward gaze with no accommodation. 
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6.4.2 Higher order aberrations changes 
There were several changes in corneal HOAs in downward gaze with no 
accommodation. Vertical trefoil shifted in the negative direction, whereas 
vertical coma shifted in the positive direction in downward gaze. This trend 
is consistent with previous findings (Buehren et al. 2003a; Ghosh et al. 
2011b). Of the total (ocular) HOAs, vertical coma, vertical trefoil and 
horizontal coma all shifted in the same direction as the corneal aberrations. 
This suggests that these changes in the total optics of the eye in downward 
gaze are mainly caused by changes in the cornea. However, the 
magnitudes of changes in the corneal and total higher order aberrations of 
the eye were not identical. This suggests that the internal optics of the eye 
may introduce some amount of higher order aberrations (particularly, coma, 
trefoil and tetrafoil) in downward gaze or that the internal optics act to 
modulate the corneal optics. 
We did not find any significant changes in corneal optics with 
accommodation in primary gaze. Similarly, Buehren et al. (2003b) also 
found no significant change in anterior corneal topography with 
accommodation in primary gaze, when cyclotorsion was corrected. 
Extending this work, Read et al. (2007) also found no changes in anterior or 
posterior corneal curvature with accommodation in young adults.   
In agreement with previous studies, we found that higher order aberrations 
(in particular spherical aberration and coma) of the eye altered with 
accommodation (Smirnov 1961; Atchison et al. 1995; Cheng et al. 2004). 
As we found little change in the cornea with accommodation, it appears that 
most of the changes in ocular aberrations with accommodation are related 
to the changes in the internal optics of the eye.  
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6.4.3 Anterior biometrics 
In chapter 4, we found that the refractive power of the eye shifted in the 
myopic direction (~0.12 D) in downward gaze with no accommodation. Our 
hypothesis was that the crystalline lens would be required to move about 
100 µm anteriorly to increase the eye’s power by 0.12 D in downward gaze 
(Collins et al. 1995b; Atchison 2005a). In the present study, we have 
physically measured anterior ocular biometrics of the eye in downward 
gaze, and we found that anterior chamber depth decreased by about 10 
microns in downward gaze with no accommodation. This may be the result 
of a small forward movement or tilt of the crystalline lens under the action of 
gravity. From previously reported modelling, we can calculate that a 
symmetrical 10 microns decrease in the anterior chamber depth may cause 
0.01 D myopic shift of the ocular refraction if the lens thickness remains 
unchanged (Atchison 2005a). A recent study reported that anterior chamber 
depth in human eyes may be altered due to lens movement under the 
action of gravity (Kasthurirangan et al. 2011).  
In agreement with previous findings, lens thickness increased and anterior 
chamber depth decreased with accommodation (Drexler et al. 1997; 
Vilupuru and Glasser 2003; Bolz et al. 2007). The magnitude of changes of 
anterior chamber depth (114 microns at 0 min of task with 2.5 D 
accommodation or ~46 µm/D of accommodation) and lens thickness (125 
microns at 0 min of task with 2.5 D accommodation or ~50 µm/D of 
accommodation) with accommodation in primary gaze are similar to the 
results of a previous study reported by Bolz et al. (2007) who found a 
decrease in ACD by 47 µm and an increase in LT of 63 µm, for each diopter 
of accommodation. Interestingly, we found that changes measured with 
Lenstar biometer in the anterior chamber depth and lens thickness with 
accommodation were significantly greater in downward gaze over time, 
compared to primary gaze. These changes observed in ocular biometrics 
may be due to an increase in the crystalline lens tilt or decentration with 
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accommodation in downward gaze, as evidenced in our analysis of the 
changes in the Scheimpflug images of the anterior lens surface which 
appear to show a vertical tilt (axis 142°) of the crystalline lens.  
The changes in anterior eye biometrics with accommodation (lens thickness 
and anterior chamber depth), exhibited no significant difference between 
refractive error groups, suggesting that both myopes and emmetropes were 
accommodating to the same level in response to the 2.5 D accommodation 
stimulus.  
6.4.4 Axial length 
This is the first study to investigate the changes in the axial length of the 
eye in vertical gaze direction. We found a small but significant increase in 
axial length (about 8 microns) in downward gaze with no accommodation. 
The changes in biomechanical forces (i.e. extraocular muscle force and/or 
gravity) acting on the globe may cause axial elongation in downward gaze. 
However, a recent study found no significant change in axial length under 
the actions of extraocular muscles in the horizontal gaze direction, which 
suggests the biomechanical forces associated with downward gaze are 
different to those associated with convergence (Read et al. 2010a).  
This study establishes a close correlation between changes in ocular 
biometrics and ocular refraction in downward gaze with no accommodation. 
A schematic model shows the overall changes in the refractive surfaces 
(cornea and crystalline lens), anterior biometrics (anterior chamber depth 
and lens thickness) and axial length in downward gaze with no 
accommodation, compared to the primary gaze condition (Figure 6.15). 
This model suggests that corneal change has the greatest contribution to 
total power change of the eye in downward gaze (with no accommodation), 
which is equivalent to 0.07 D (65% of the total power change of the eye). 
Chapter Six
181 
 
We might expect that the small change in axial length in downward gaze 
would contribute about 25% (i.e. 0.03 D) to the total power change of the 
eye (Gordon and Donzis 1985). Anterior chamber depth change contributes 
about 10% to the total power change of the eye (i.e. 0.01 D). 
There is evidence that accommodation can cause a transient increase in 
axial length during near tasks (Drexler et al. 1998; Mallen et al. 2006; Read, 
et al. 2010; Woodman et al. 2011). Our mean “corrected” change in axial 
length with accommodation in primary gaze (~ 6 microns for 2.5 D stimulus 
at 0 min), is of similar magnitude to that reported by Read et al. (2010c) (~ 
5 microns for 3.0 D stimulus). Furthermore, we found that axial elongation 
with accommodation is significantly greater in downward gaze over time 
~22 microns after 10 mins task), compared to the primary gaze (~8 microns 
after 10 mins task). This may have implications for refractive error 
development, given the previous association between near work and 
myopia and the fact that many typical near tasks are preferred in downward 
gaze.  
We did not find any significant difference in axial elongation between 
myopes and emmetropes during accommodation for both primary and 
downward gaze. This finding is consistent with the result of a previous 
study (Read et al. 2010c). In contrast, Mallen et al. (2006) and Woodman et 
al. (2011) reported a significantly greater eye elongation in myopic subjects 
compared with emmetropic subjects for higher accommodative demands. It 
should also be noted, that our findings relate to the change in axial length 
occurring during a relatively short duration of near task with a moderate 
level of accommodation. Therefore, it is important to investigate the 
influence of longer periods of near tasks, with a various levels of 
accommodative demands on the length of the eye in down and inward gaze 
(i.e. a typical reading gaze) among different refractive error groups. This 
may help us to better understand the potential importance of axial length 
Chapter Six
182 
 
changes in refractive error development associated with distance and near 
tasks. 
 
Figure 6.15: A schematic model illustrating overall changes in the refractive 
surfaces (cornea and crystalline lens), anterior biometrics (anterior chamber 
depth and lens thickness) and axial length in downward gaze with no 
accommodation, compared to the primary gaze, and their contribution to 
the refractive power change of the eye in downward gaze.  
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6.5 Conclusion 
We have demonstrated that corneal optics and the internal optics of the eye 
can be altered during a near task in downward gaze over time. The mean 
spherical power of the eye shifts in the myopic direction in downward gaze 
as a result of corneal steepening, a decrease in the anterior chamber depth 
and an increase in axial length of the eye. The cornea is mainly responsible 
for changes in the higher order aberrations (coma and trefoil) of the total 
eye in downward gaze, due to eyelid pressure on the anterior corneal 
surface. Changes in tetrafoil and secondary coma may be associated with 
the changes in crystalline lens position in downward gaze with no 
accommodation. Accommodation does not appear to affect corneal optics 
in primary gaze and downward gaze. However, accommodation does 
cause a significant change in the higher order aberrations of the eye 
(mainly spherical aberration and coma), showing a greater change in 
downward gaze compared to primary gaze. These changes are most likely 
associated with the curvature change and tilt of the crystalline lens during 
accommodation in downward gaze. Axial length increases significantly with 
accommodation in downward gaze as a function of time. These variations 
in ocular biometrics over time highlight the dynamic nature of the eyes 
optics during a near task in downward gaze.
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Chapter 7 
7 Changes in anterior biometrics, axial length and choroidal 
thickness in nine cardinal gaze directions over time 
7.1 Introduction 
In chapter 6, axial length and anterior biometrics changes were investigated 
in downward gaze under the action of extraocular muscles. We found a 
small but significant change in axial length in downward gaze for the no 
accommodation condition. This finding suggests that extraocular muscles 
have some influence on the axial elongation of the eye. In this chapter, we 
describe the changes in axial length and anterior biometrics occurring in the 
nine cardinal directions of gaze under the actions of extraocular muscles. 
 Myopia is the most common refractive error in the younger population 
(Saw 2003; Lam et al. 2004; Lin et al. 2004; Saw et al. 2005b) and is 
characterized by an axial elongation of the eye over time (Grosvenor and 
Scott 1993; Fulk et al. 2002; Saw et al. 2005a). The prevalence of myopia 
has been documented to be increasing over recent years in certain 
populations (Seet et al. 2001; Lin et al. 2004; Vitale et al. 2009; Wang et al. 
2009). A range of hypotheses have been proposed to explain the 
mechanism of myopia development, and although both genetic and 
environmental factors are thought to be involved, the exact cause of the 
axial elongation of the eye underlying myopia is still unknown.  
Near work is one previously documented environmental risk factor for 
myopia. A number of previous studies have noted significant associations 
between performing near work activities and the development (Wong et al. 
1993; Kinge et al. 2000; Hepsen et al. 2001; Mutti et al. 2002; Saw et al. 
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2002a) and progression of myopia (Parssinen and Lyyra 1993). A number 
of occupational groups that typically undertake intense near activities such 
as textile workers (Simensen and Thorud 1994; Goldschmidt 2003) and 
microscopists (Adams and McBrien 1992; McBrien and Adams 1997) have 
also been found to have an increased prevalence of myopia. The ocular 
changes that typically accompany near work in order to maintain clear 
single vision, include contraction of the ciliary muscle to alter 
accommodation, and changes in extraocular muscle (EOM) tension to alter 
gaze direction (near work typically involves convergence, but can also often 
involve other shifts in gaze direction such as downward gaze). The 
documented association between near work and myopia have prompted a 
variety of previous studies to examine whether accommodation or 
convergence lead to significant changes in the axial length of the eye.  
A number of recent studies have documented a small, but statistically 
significant transient axial elongation of the eye associated with short term 
accommodation and this is assumed to be due to the mechanical force 
caused by ciliary muscle contraction (Drexler et al. 1998; Mallen et al. 2006; 
Read et al. 2010c; Woodman et al. 2011). It has also been hypothesized 
that the mechanical forces generated by the extraocular muscles during 
convergence may be a factor in the axial elongation associated with myopia 
development (Greene 1980; Bayramlar et al. 1999). Using ultrasound 
biometry to measure axial length, Bayramlar et al. (1999) suggested that 
convergence may lead to a significant increase in axial length, as axial 
elongation was found to occur with near fixation under cycloplegia (i.e. with 
accommodation paralysed, but active convergence). However, Read et al. 
(2010a) using partial coherence interferometry, did not find any significant 
changes in axial length of the eye during convergence in the horizontal 
plane. The influence of the changes in EOM tension associated with other 
directions of gaze (e.g. downward gaze), aside from convergence, upon the 
eye’s axial length have not previously been investigated. 
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Given that near work typically involves accommodation, convergence and 
downward gaze, we were interested to investigate the influence of the 
EOMs on the axial length of the eye in different directions of gaze. We have 
therefore measured the changes in axial length and choroidal thickness 
occurring following shifts in gaze in each of the nine cardinal directions of 
gaze.  
7.2 Methods 
7.2.1 Subjects 
Thirty young adult subjects aged between 18 and 30 years (mean age of 23 
± 3 years) were recruited for this study. A sample size of 30 provided 70% 
power to detect a 30 ± 15 microns change in axial length in downward 
gaze. All subjects were free of any significant ocular or oculomotor 
diseases or dysfunction and had no history of eye surgery. Subjects who 
habitually wore soft contact lenses (n = 12) were asked to abstain from lens 
wear for 2 days prior to and during the study. Approval was obtained from 
the University Human Research Ethics Committee prior to the 
commencement of the study. Subjects were treated in accordance with the 
Declaration of Helsinki and gave written informed consent before 
participating. Before testing, subjects were screened for their eligibility for 
the study. Ocular history, high contrast visual acuity, non-cycloplegic 
subjective refraction and a series of clinical accommodation and binocular 
vision measures were recorded for each subject. All subjects exhibited 
monocular amplitude of accommodation greater than 7 D. No subjects with 
any binocular abnormalities (e.g. significant esophoria or exophoria or poor 
near point of convergence), strabismus (e.g. horizontal or vertical 
heterotropia), amblyopia or ocular motility disorders were included in this 
study. All subjects had best corrected visual acuity of logMAR 0.00 or better 
in both eyes. Subjects were classified based upon their spherical equivalent 
refraction as either emmetropes (n = 10, spherical equivalent ranging from 
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+0.25 to –0.50 DS, mean –0.31 ± 0.16 DS), low myopes (n = 10, spherical 
equivalent –0.75 to –2.75 DS, mean –1.73 ± 0.53 DS) or moderate myopes 
(n = 10, spherical equivalent –3.00 to –6.00 DS, mean –4.40 ± 1.30 DS). 
None of the subjects had anisometropia greater than 1.00 DS or 
astigmatism greater than 1.50 DC.  
7.2.2 Experimental design and data collection procedures 
7.2.2.1 Lenstar LS900 optical biometer 
All axial length measurements in this study were taken from each subject’s 
left eye, along the line of sight, using a non-contact optical biometer 
(Lenstar LS 900, Haag-Streit International, Koeniz, Switzerland) based 
upon the principle of optical low coherence reflectometry. The Lenstar 
provides highly precise measurements of ocular biometrics that are 
comparable with other validated instruments (Buckhurst et al. 2009; Holzer 
et al. 2009). At each measurement session, 5 repeated biometry 
measurements were collected on each subject. The experimental sessions 
for all subjects began at approximately the same time of day (between 9 am 
and 10 am), to minimise the potential confounding of results by diurnal 
variations in axial length (Read et al. 2008). 
7.2.2.1.1 Measurements of axial length in cardinal gaze directions 
To allow biometry measures to be collected along the line of sight in 
different directions of gaze, identical rotating prisms were mounted before 
each eye in front of the biometer (Figure 7.1 and 7.2). The prisms were 15° 
deviation, wedge prisms with a broadband anti-reflection coating for near 
infrared wavelengths ranging from 650-1050 µm (Thorlabs, USA). The 
prisms were rotated so that the subject could fixate the instrument’s internal 
fixation target in eight cardinal gaze directions (no prism was used in 
primary gaze) with a 15° deviation for both eyes, while biometry measures 
were collected.  
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Subjects were given their vertex distance corrected, full distance spherical 
equivalent refractive error correction in a trial lens mounted in front of the 
fellow (right) eye during each of the testing conditions. The subject’s fellow 
eye was therefore viewing a free space, high contrast, Maltese cross target 
with an accommodation demand of 0 D through the trial lens. Therefore, in 
dichoptic view, an image of the Maltese cross was visible from the right eye 
and an image of the biometer’s fixation target was simultaneously seen 
from the left (tested) eye (Figure 7.1).  
Initially, each subject performed a distance primary gaze viewing task (such 
as watching movie on TV) binocularly at a 6 m distance for 5 mins to 
provide a “wash-out” period for prior visual tasks. Then we measured 
(baseline) axial length using the biometer in primary gaze. This baseline 
measurement was taken prior to each session for all cardinal gaze 
measurements. The subject’s axial length and ocular biometrics were 
measured in each of the nine cardinal directions of gaze:  
1. Primary gaze: no prism 
2. 15° Abduction: prism base in (nasal) 
3. 15° Adduction: prism base out (temporal) 
4. 15° Elevation: prism base down  
5. 15° Depression: prism base up  
6. 15° Dextro-elevation: prism base infero-temporal 
7. 15° Dextro-depression: prism base supero-temporal  
8. 15° Levo-elevation: prism base infero-nasal 
9. 15° Levo-depression: prism base supero-nasal 
For each gaze direction, the subject was asked to fixate on the centre of the 
external Maltese cross target (0 D accommodation) displayed on a TV 
screen viewed through the wedge prism with the fellow right eye. The 
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external target’s position was adjusted (horizontally and vertically) until the 
centre of the Maltese cross coincided with the image of the biometer’s 
fixation target seen with the left eye. Throughout the experiment, subjects 
were advised to maintain dichoptic superimposition of the Maltese cross 
(right eye) and biometer’s fixation target (left eye) and to advise if there was 
any loss of focus on the cross or drift in the superimposition of the targets. 
Measurements of axial length and ocular biometrics were then collected 
after 0 min (immediately after shifting gaze direction to fixate the target) and 
5 mins from this starting time (continuously viewing the Maltese cross 
target). A break (5 mins) was given after each trial to avoid carry-over 
effects between the consecutive gaze measurements. During this period, 
the subject watched TV at a 6 m distance. In pilot studies, we observed that 
any changes in axial length that occurred with changes in gaze direction 
were fully recovered within 2-3 minutes after shifting gaze from oblique 
back to primary gaze. The order of testing the gaze conditions was also 
randomized to avoid the potential for systematic bias in the results.
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Figure 7.1: A schematic diagram of the experimental set-up using rotary prisms that allows ocular biometry along the line of 
sight to be performed in different gaze directions with no accommodation under binocular fixation.
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Lenstar LS900
Rotary prisms
 
Figure 7.2: Digital image of the experimental set-up. 
7.2.2.1.2 Measurements of axial length in downward gaze using a tilting stage 
To validate the measurements taken through the prisms and to further 
study the relative influence of gravitational effects and EOM forces on the 
axial length changes in downward gaze, axial length measures were also 
collected with the biometer inclined at 15° and 25° on a tilting stage (i.e. 
without the use of any prisms). Measurements of axial length were again 
performed over 5 mins under two different test conditions with the subject 
either looking down with their head inclined downward, or again looking 
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down with the head remaining in the upright position (eye gaze downward).   
For the first condition, the subject’s head was tilted in downward gaze at an 
angle equal to the instrument axis (15° or 25°). This ensured that the shift in 
gaze was achieved through a head turn, with no turn of their eyes (Figure 
7.3A and Figure 7.3C) and reflected the effect of gravity on biometric 
changes in the eye without eye turn. For the second condition, the subjects’ 
head position was adjusted to maintain an upright head position (primary 
gaze) using a custom made head rest. In this condition, the subject had to 
turn their eyes only (with no head turn) to 25 degrees and 15 degrees 
downward gaze, under the actions of the EOMs, to fixate on the 
instrument’s target (Figure 7.3B and Figure 7.3D). To verify the head 
angles during downward and primary gaze, we captured digital images of 
the head positions for both gaze conditions for all subjects. The digital 
image of the head’s profile allowed us to fit a “reference line” to the facial 
features (i.e. a straight line connecting the top of the ear to the bottom of 
the nose) to confirm the relative head angle in downward gaze compared to 
the primary gaze condition. The relative head angles based on analysis of 
these digital images were 13.9 ± 3.6°, 0.7 ± 2.9°, 24.1 ± 3.4° and 2.9 ± 3.8° 
for the testing conditions of 15° head turn only (no eye turn), 15° eye turn 
alone (no head turn), 25° head turn only (no eye turn) and 25° eye turn 
alone (no head turn) respectively. 
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Figure 7.3: Subject’s head postures during axial length measurement with 
the optical biometer using a tilting stage for various testing conditions, 15° 
head turn only (A), 15° eye turn only (B), 25° head turn only (C) and 25° 
eye turn only (D). Dashed line indicates the reference line used to 
determine the change in head turn angle in each condition. 
7.2.2.2 Data analysis 
Central corneal thickness (CCT, the distance from the anterior to the 
posterior corneal surfaces), anterior chamber depth (ACD, the distance 
from the posterior corneal surface to the anterior lens surface), lens 
thickness (LT, the distance from the anterior lens surface to the posterior 
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lens surface). Axial length (AxL, the distance from the anterior corneal 
surface to the retinal pigment epithelium) measurements for each gaze 
direction were taken from the biometer’s data output. Choroidal thickness 
(ChT) was derived through the manual measurement of the distance from 
the retinal pigment epithelium (peak P3) to the choroid/sclera interface 
(peak P4) in the biometer’s A-scan data originating from the posterior eye 
(Figure 7.4). The methods of measurement of ChT from the Lenstar A-scan 
data are explained in (Read et al. 2011a). ChT measures from the Lenstar 
instrument have previously been found to exhibit a strong correlation and 
reasonable agreement with ChT measures obtained from spectral domain 
optical coherence tomography (SD OCT) (Read et al. 2011a). In order to 
avoid potential bias, a masked observer performed the manual analyses of 
the distance from P3 to P4 peaks to determine ChT. 
 Although the subject’s accommodation was relaxed with a distance viewing 
target during the experiment, some small changes in lens thickness may 
occur in various gaze directions that could potentially cause errors in AxL 
measures. To account for any small errors in axial length induced by lens 
thickness changes, we used the formula outlined by Atchison and Smith 
(2004), to calculate a corrected AxL measurement at every gaze direction 
for each subject. All AxL measurements presented in this chapter therefore 
represent the AxL corrected for each subject’s individual changes in lens 
thickness during each gaze condition.  
A repeated measures analysis of variance (ANOVA) was performed to 
assess the significance of changes in ocular biometrics, AxL and ChT 
changes in the various conditions (within-subjects factors) including gaze 
angle and the effect of measurement time (0 and 5 mins) within the task, 
effect of head positions (head turn versus eye turn), and the effect of angle 
of the eye turn (15° inferior gaze versus 25° inferior gaze). The between–
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subjects factor was refractive error group (emmetropes, low myopes and 
moderate myopes).   
P1
P3
P4
Axial length
RT ChT
RT =  Retinal thickness
ChT = Choroidal thickness
 
Figure 7.4: Example of an individual A-scan plot from the Lenstar 
instrument’s software. Peak P1 originates from inner limiting membrane, P3 
originates from the retinal pigment epithelium, and P4 originates from the 
choroid/sclera interface. Manual adjustment of the two retinal cursor 
locations can determine the measurement of retinal thickness (RT: distance 
from P1 to P3) and choroidal thickness (ChT: distance from P3 to P4). 
Distance from anterior cornea to P3 determines the measurement of axial 
length. 
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7.2.2.3 Validation of AxL measurements through the wedge prism 
Before testing, we verified the accuracy of the axial length measures with 
the presence of the prism. The axial length of a spherical model eye (IOL 
Master, Zeiss model eye) was measured with the biometer using the 
conventional technique. Then, we repeated these measurements (three 
times) in the presence of the 15° prism. There was no significant difference 
in the measured length of the model eye, with and without the prism in 
place (mean difference 0 ± 0 micron). Moreover, we also found a significant 
correlation in the measured length of the same human eyes (n = 30) for the 
inferior gaze direction (depression) with base up prism (mean ± SD: 24.469 
± 0.970 mm) and without prism (looking down without head turn) using the 
tilting stage (24.466 ± 0.969 mm) (Pearson’s R2 = 0.99, p < 0.001). These 
results suggest the use of the 15° prism did not introduce any substantial 
error in the measurements. 
7.3 Results 
7.3.1 Angle of gaze 
7.3.1.1 Axial length  
Significant changes in AxL were observed as a function of angle of gaze (p 
< 0.001) (Table 7.1 and Figure 7.5). Changes in AxL also exhibited a 
significant effect of time (repeated measures ANOVA, p = 0.004) and gaze 
by time interactions (p < 0.001). Considering each individual direction of 
gaze, AxL was significantly elongated in infero-nasal gaze (mean change 
from baseline +11 ± 9 µm at 0 min, +18 ± 8 µm at 5 mins, pairwise 
comparison, both p < 0.001), inferior gaze (mean change from baseline +9 
± 9 µm at 0 min, +15 ± 10 µm at 5 mins, both p < 0.001) and in supero-
nasal gaze (mean change from baseline +10 ± 7 µm at 0 min, +15 ± 10 µm 
at 5 mins, both p < 0.001). AxL was found to decrease significantly in 
superior (mean change from baseline –10 ± 17 µm at 0 min, p = 0.003 and 
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–12 ± 17 µm at 5 mins, p < 0.001) and supero-temporal (mean change from 
baseline – 8 ± 8 µm at 0 min, p = 0.003 and – 11 ± 9 µm at 5 mins, both p = 
0.001) gaze directions. Primary, nasal, temporal and infero-temporal gaze 
results all showed no significant change in axial length, compared to 
baseline (p > 0.05).  
There were no significant differences (p > 0.05) in the baseline AxL 
measurements between any of the directions of gaze (baseline 
measurements were obtained prior to each session for all cardinal gaze 
measurements after 5 mins of viewing a far target). For example, the 
difference between primary gaze baseline and inferior gaze baseline 
measurements of the axial length was less than 3 microns. The use of 
repeated baseline measures ensured that there was minimal risk of cross 
over effects between any two consecutive gaze direction measurements. 
The mean AxL for all subjects was 24.457 ± 0.969 mm, and the mean AxL 
of myopic subjects (low myopes 24.443 ± 0.783 mm and moderate myopes 
25.204 ± 0.697 mm) was significantly greater than the emmetropes (mean 
23.724 ± 0.844 mm) (p < 0.001). Axial elongation in the infero-nasal gaze 
direction over time was significantly greater (p < 0.001) in moderate 
myopes (mean change from baseline +17 ± 10 µm at 0 min, +25 ± 6 µm at 
5 min) compared to low myopes (mean change from baseline +7 ± 4 µm at 
0 min, +12 ± 4 µm at 5 mins) and emmetropes (mean change from baseline 
+ 8 ± 7 µm at 0 min, +13 ± 6 µm at 5 mins). Subjects with longer eyes 
(greater baseline axial length) exhibited a greater tendency for axial 
elongation in the infero-nasal and supero-nasal directions after the 5 mins 
task (Pearson’s R2 = 0.52, p < 0.001 for infero-nasal gaze, Pearson’s R2 = 
0.32, p = 0.001 for supero-nasal gaze) (Figure 7.6 and Table 7.2). We also 
found a significant correlation between refractive error (spherical equivalent 
refraction) and the mean change in AxL in the infero-nasal gaze and 
supero-nasal gaze directions after 5 mins of the task (Pearson’s R2 = 0.71, 
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p < 0.001 for infero-nasal gaze, Pearson’s R2 = 0.51, p < 0.001 for supero-
nasal gaze) (Figure 7.6 and Table 7.2). However, we did not find any 
significant correlation for axial length change in superior, inferior and 
supero-temporal gaze directions either with refractive error or baseline axial 
length (p > 0.05) (Table 7.2). The changes in AxL also approached 
significance for the time by refractive error interaction (p = 0.05, repeated 
measures ANOVA), suggesting differences in the onset and amplitude of 
AxL change in myopic and emmetropic subjects over the 5 mins near task. 
We found significant correlation (Pearson’s) between changes in axial 
length and vitreous chamber depth (i.e. the distance from the posterior lens 
surface to the retinal pigment epithelium) after 5 mins of task with respect to 
baseline in all eight cardinal directions (Table 7.3). 
7.3.1.2 Choroidal thickness 
We excluded ChT data for six subjects (2 emmetropes, 2 low myopes and 2 
moderate myopes) due to inconsistent P4 choroidal peaks. Therefore, the 
ChT analyses represent data from 24 subjects. The choroid was typically 
found to change in the opposite direction to the AxL change (Table 7.1). 
However, unlike the AxL change, there were no significant variations in ChT 
with respect to the gaze angle (p = 0.30), time (p = 0.09) and gaze by time 
(p = 0.45) factors. The mean amplitude of changes in ChT from baseline 
with gaze directions were not significantly different between the myopic and 
emmetropic subjects (p = 0.83).
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Table 7.1: Group mean (± SD) changes of axial length (AxL) and choroidal thickness (ChT) in the left eye (OS) in nine 
cardinal gaze directions [primary (P), supero-temporal (ST), superior (S), supero-nasal (SN), nasal (N), infero-nasal (IN), 
inferior (I), infero-temporal (IT) and temporal (T)] with respect to the baseline condition over 5 mins. Prior to each gaze 
measurements, the baseline value was taken after 5 mins of viewing a 6 m target [i.e. no accommodation (0 D)] in primary 
gaze. Values at 0 min of the task were taken immediately after the gaze direction commenced. Positive values indicate an 
increase in AxL and ChT. Bold numbers indicate values where the changes from baseline of AxL or ChT in different gaze 
directions are statistically significant (p < 0.05).  
 
Mean ± SD changes from baseline (primary gaze) [microns] 
AxL (n =30) ChT (n = 24) 
Gaze 0 min 5 mins 0 min 5 mins 
P –1 ± 5        +1 ± 4 +1 ± 8 –1 ± 9 
ST –8 ± 8      –11 ± 9   +1 ± 10   –2 ± 14 
S –10 ± 17      –12 ± 17   –1 ± 12   –3 ± 13 
SN       +10 ± 7      +15 ± 10   –6 ± 12   –8 ± 16 
N         –1 ± 6        +2 ± 7          –5 ± 9   –5 ± 16 
IN       +11 ± 9      +18 ± 8          –4 ± 9        –11 ± 22 
I         +9 ± 9      +15 ± 10    –6 ± 13        –10 ± 17 
IT         –1 ± 7        –1 ± 7    –5 ± 18    –2 ± 18 
T         –2 ± 6        –3 ± 10          +1 ± 7          –1 ± 11 
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Figure 7.5: The group mean changes in axial length (AxL) (n = 30) of the 
left eye (OS) in nine cardinal gaze directions with respect to baseline over 5 
mins duration. Prior to each gaze measurements, the baseline value was 
taken after 5 mins of viewing a 6m target [i.e., no accommodation (0 D)] in 
primary gaze. Values at 0 min of the task were taken immediately after the 
task commenced. AxL values are corrected for individual subjects based on 
the changes in ACD and LT. In this plot, AxL changes significantly in the 
inferior, superior, infero-nasal, supero-nasal and supero-temporal directions 
from baseline over time, compared to the primary gaze (ANOVA, p < 0.05). 
Error bars represent standard error of the mean. Asterisks indicate the 
angles of gaze in which significant changes in axial length were found 
compared to baseline values (p < 0.05). In this figure, red arrows indicate 
an increase in axial length whereas blue arrows indicate a decrease in axial 
length, from the baseline.
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Figure 7.6: Changes in axial length in the left eye (OS) in infero-nasal gaze after 5 mins of the task with respect to baseline 
with no accommodation versus the subjects’ mean spherical refractive error (A) and baseline axial length (B). The baseline 
value was taken after 5 mins of viewing a target at 6 meters [i.e., no accommodation (0 D)] in primary gaze.
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Table 7.2: Pearson’s correlation between changes in axial length after 5 mins of task with respect to baseline with no 
accommodation in cardinal gaze directions and subject’s mean spherical equivalent refractive error (SER), and baseline 
measurements of the axial length. Prior to each test condition, the baseline value was taken after 5 mins of viewing a 6 m 
target [i.e., no accommodation (0 D)] in primary gaze. 
 
Gaze 
Changes in AxL (µm) vs. mean 
SER (D) 
Changes in AxL (µm) vs. 
baseline axial length (mm) 
R2 p values R2 p values 
Superior 0.13 0.06 0.03 0.35 
Supero-temporal 0.01 0.57 0.05 0.25 
Supero-nasal 0.51 <0.001 0.32 0.001 
Inferior 0.09 0.11 0.03 0.37 
Infero-nasal 0.71 <0.001 0.52 <0.001 
Infero-temporal 0.01 0.64 0.02 0.44 
Nasal 0.01 0.79 0.03 0.31 
Temporal 0.12 0.06 0.17 0.05 
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Table 7.3: Pearson’s correlation between changes in axial length and vitreous chamber depth after 5 mins of task with 
respect to baseline with no accommodation in cardinal gaze directions. Prior to each test condition, the baseline value was 
taken after 5 mins of viewing a 6 m target [i.e., no accommodation (0 D)] in primary gaze. Vitreous chamber depth is the 
distance from the posterior lens surface to the retinal pigment epithelium. 
 
Gaze 
Changes in AxL vs. changes 
in VCD 
R2 p values 
Superior 0.72 <0.001 
Supero-temporal 0.58 <0.001 
Supero-nasal 0.49 <0.001 
Inferior 0.52 <0.001 
Infero-nasal 0.50 <0.001 
Infero-temporal 0.27 0.04 
Nasal 0.18 0.01 
Temporal 0.51 <0.001 
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7.3.1.3 Changes in AxL and ChT in inferior gaze (head turn vs. eye turn) 
Similar to the results with the 15° rotary prisms, AxL increased significantly 
in inferior gaze over time with eye turn (no head turn) from primary gaze 
(mean difference +7 ± 11 µm at 0 min, +14 ± 11 µm at 5 mins with 15° 
angle and mean difference +9 ± 13 µm at 0 min, +15 ± 15 µm at 5 mins with 
25° angle) (Figure 7.7). ChT decreased significantly in inferior gaze with 
eye turn (no head turn) from primary gaze (mean difference –7 ± 4 µm at 5 
mins with 15° angle and mean difference –7 ± 5 µm at 5 mins with 25° 
angle) (p < 0.05) (Figure 7.7). However, there were no significant changes 
in AxL or ChT in inferior gaze with head turn (no eye turn) (Figure 7.7). We 
observed little difference in magnitude of change in AxL in downward gaze 
with 15° and 25° angles with eye turn (mean difference less than 2 µm, p > 
0.05). 
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Figure 7.7: Group mean changes in axial length (AxL) and choroidal 
thickness (ChT) of the left eye in 15° and 25° downward gaze with either 
head turn only (i.e., head-down and eyes straight) or with eye turn only (i.e., 
head straight and eyes rotate down) with respect to baseline (with no 
accommodation) over the 5 mins task for the subset of 24 subjects with 
reliable choroidal thickness data. Prior to each test condition, the baseline 
value was taken after 5 mins of viewing a 6 m target [i.e., no 
accommodation (0 D)] in primary gaze. In this plot, AxL and ChT change 
significantly in both 15° and 25° downward gaze directions with eye turn 
(ANOVA, p < 0.05). However, AxL and ChT shows no significant changes 
in downward gaze with head turn (both 15° and 25°) (ANOVA, p > 0.05).  
7.3.1.4 Anterior ocular biometrics (nine cardinal gaze) 
There were a number of significant changes in the anterior ocular 
biometrics in cardinal gaze directions, compared to primary gaze with the 
no accommodation condition. The group mean changes of biometric 
parameters (CCT, ACD and LT) from baseline in nine cardinal gaze 
directions over 5 mins duration are presented in Table 7.4.  
The results of repeated measures ANOVA (p values) for these biometrics 
parameters are presented in Table 7.5. There was no significant difference 
in the central corneal thickness with shifts in gaze (p > 0.05).The anterior 
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chamber depth changed as a function of cardinal gaze direction (p = 0.013), 
with the greatest change from primary gaze being a shallower ACD in 
infero-temporal gaze ( mean change – 9.78 ± 27.59 µm at 0 min and – 
21.40 ± 38.24 µm at 5 mins ) followed by infero-nasal (mean change – 
18.94 ± 29.13 µm at 0 min and – 20.20 ± 31.72 µm at 5 mins ) and inferior 
gaze directions (group mean – 7.78 ± 28.42 µm at 0 min and – 16.20 ± 
29.83 µm at 5 mins ). There were also time (p = 0.006) and gaze by time (p 
= 0.001) interactions for changes in ACD.  
The lens had a tendency to be thicker in some gaze directions, 
predominantly in the downward directions, compared to the primary gaze 
(Table 7.4). However, there were no statistically significant changes in lens 
thickness with gaze (repeated measures ANOVA, p > 0.05) or time (p > 
0.05) [Table 7.5]. There were also no significant differences between 
myopes and emmetropes for changes in the anterior biometrics (CCT, ACD 
and LT) (p > 0.05). 
We found moderate but significant correlation (Pearson’s) between 
changes in anterior chamber depth and lens thickness in different gaze 
directions, after 5 mins of task with respect to baseline in cardinal gaze 
directions (Table 7.6). However, there was no significant correlation 
between anterior chamber depth change and axial length change in only 
gaze directions.
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Table 7.4: Group mean (± SD) changes of central corneal thickness (CCT), anterior chamber depth (ACD) and lens 
thickness (LT) in the left eye (OS) in nine cardinal gaze directions [primary (P), supero-temporal (ST), superior (S), supero-
nasal (SN), nasal (N), infero-nasal (IN), inferior (I), infero-temporal (IT) and temporal (T)] with respect to baseline. Values at 
0 min of the task were taken immediately after the task commenced. Positive values indicate an increase in CCT, ACD and 
LT and negative values indicate a decrease in CCT, ACD and LT. Bold numbers indicate values where the changes from 
baseline of ACD or LT in different gaze directions are statistically significant (p < 0.05). 
 
 
 
 
 
 
 
 
 
 
 
Gaze 
      Mean ± SD changes from baseline (µm)   
                            CCT ACD LT 
0 min 5 mins 0 min 5 mins 0 min 5 mins 
P – 1 ± 2 – 1 ± 1   1± 9 – 1 ± 6 3 ± 10 1 ± 10 
ST    1 ± 2   1 ± 2 – 1 ± 2 – 1 ± 2 3 ± 12 14 ± 28 
S – 1 ± 2 – 1 ± 3   1 ± 7    1 ± 8 5 ± 18 10 ± 21 
SN   1 ± 4 – 1 ± 2 – 8 ± 13 – 9 ± 13 18 ± 28 18 ± 30 
N – 1 ± 2 – 1 ± 2 – 5 ± 13 – 3 ± 14 2 ± 9 1 ± 5 
IN   2 ± 2   1 ± 2 – 19 ± 21 – 21 ± 22 19 ± 32 19 ± 35 
I  2 ± 2 – 1 ± 2 – 8 ± 18 – 17 ± 19 9 ± 24 19 ± 39 
IT           2 ± 2   2 ± 3 – 10 ± 17 – 22 ± 18 5 ± 20 20 ± 30 
T           3 ± 2   2 ± 2 – 7 ± 12 –6 ± 13 5 ± 9 9 ± 10 
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Table 7.5: Results of repeated measures ANOVAs for changes in central 
corneal thickness (CCT), anterior chamber depth (ACD), lens thickness 
(LT) and vitreous chamber depth (VCD) in the left eye (OS) in different 
gaze directions, compared to the primary gaze, in terms of gaze, time, gaze 
by time and gaze by refractive error group (myopes and emmetropes).  
 
                         p values 
 
Variables Gaze Time Gaze × time 
Gaze × 
refractive 
CCT 0.285 0.241 0.668 0.594 
ACD 0.013 0.006 0.001 0.072 
LT 0.156 0.092 0.121 0.313 
 
Table 7.6: Pearson’s correlation between changes in anterior chamber 
depth and lens thickness, and the changes in anterior chamber depth and 
axial length, after 5 mins of task with respect to baseline with no 
accommodation in cardinal gaze directions.  
Gaze 
Changes in ACD 
vs. Changes in LT 
Changes in ACD vs. 
Changes in AxL 
R2 p values R2 p values 
Superior 0.58 <0.001 0.004 0.97 
Supero-temporal 0.62 <0.001 0.01 0.59 
Supero-nasal 0.63 <0.001 0.10 0.08 
Inferior 0.80 <0.001 0.02 0.89 
Infero-nasal 070 <0.001 0.03 0.70 
Infero-temporal 0.41 0.001 0.01 0.46 
Nasal 0.49 <0.001 0.002 0.78 
Temporal 0.74 <0.001 0.006 0.68 
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7.3.1.5 Changes in anterior biometrics in inferior gaze (head turn vs. eye 
turn) 
Similar to the results achieved with prisms, ACD shifted in the negative 
direction (mean difference – 11 ± 15 µm at 0 min, – 13 ± 21 µm at 5 mins 
with 15° angle of eye turn and a mean difference – 16 ± 21 µm at 0 min, – 
15 ± 15 µm at 5 mins with 25° angle of eye turn, p > 0.05 ). LT shifted in the 
positive direction [mean difference (from baseline) 4 ± 15 µm at 0 min, 14 ± 
25 µm at 5 mins with 15° angle of eye turn and a mean difference (from 
baseline) of 12 ± 16 µm at 0 min, 10 ± 13 µm at 5 mins with 25° angle of 
eye turn, p > 0.05) in inferior gaze from baseline over time without head tilt 
(Table 7.7). In contrast to the eye turn results, we did not observe any 
significant change in anterior biometric parameters (CCT, LT, ACD) in 
inferior gaze with head tilt for both angles, 15° and 25° (both p > 0.05) 
(Table 7.7). Repeated measures ANOVA revealed a significant interaction 
of the head position (with head tilt vs. without head tilt) for changes in ACD 
(p = 0.02) and LT (p = 0.04) in inferior gaze. However, there were no 
significant changes in ocular biometrics (CCT, ACD and LT ) in terms of 
angle (15° vs 25°), head position by time or angle by time interaction (all p 
> 0.05) (Table 7.7). 
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Table 7.7: Group mean changes of central corneal thickness (CCT), 
anterior chamber depth (ACD) and lens thickness (LT) in the left eye in 15° 
and 25° downward gaze with head turn only but no eye turn and with eye 
turn alone with respect to baseline with the no accommodation condition 
over the 5 mins task. Prior to each test condition, the baseline value was 
taken after 5 mins of viewing a 6 meters target [i.e. no accommodation (0 
D)] in primary gaze. Positive values indicate an increase in CCT, ACD and 
LT and negative values indicate a decrease in CCT, ACD and LT. 
 
 
 
Variables 
Mean ± SD changes from baseline (µm) 
p values 
(repeated 
measures 
ANOVA) 
15° Eye 
turn 
alone 
15° Head 
turn only 
25° Eye 
turn alone 
25°  
Head 
turn only 
Head 
Vs Eye 
turn 
Angle 
CCT 
0 min 1 ± 1 − 4 ± 2 −2 ± 2 −1 ± 2 
0.80 0.39 
5 mins 1 ± 2 1 ± 1 − 1 ± 3 −1 ± 4 
ACD 
0 min −11 ± 15 − 4 ± 9 −16 ± 21 2 ± 11 
0.02 0.79 
5 min −13 ± 21 −3 ± 14 −15 ± 15 −5 ± 16 
LT 
0 min 4 ± 15 4 ± 9 12 ± 16 1 ± 6 
0.04 0.48 5 mins 14 ± 25 −3 ± 15 10 ± 13 4 ± 15 
5 mins 13 ± 10 6 ± 6 20 ± 22 2 ± 3 
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7.4 Discussion 
7.4.1 Axial length 
This study demonstrates that small but significant changes in AxL occur in 
five of the eight gaze directions, compared to primary gaze. The AxL 
changes observed appear to be due to the influence of the EOMs with 
change in gaze direction, since the effect was eliminated when head turn 
was used instead of eye turn, to shift the direction of gaze. A significant 
axial elongation occurred in infero-nasal gaze, supero-nasal and inferior 
gaze directions, with the largest magnitude of elongation found in the 
infero-nasal gaze direction. Significant correlation between the changes in 
AxL and VCD suggests that the axial length change as a function of gaze 
direction was mainly associated with the changes in the vitreous chamber 
depth under the action of extraocular muscles.  
Although eye movements are the result of combined contraction and 
relaxation of multiple muscles, there are eight cardinal directions where a 
specific muscle provides dominant force to move the eye (Figure 7.9). The 
primary EOMs involved in infero-nasal, supero-nasal and inferior gaze are 
the superior oblique, inferior oblique and inferior rectus muscles 
respectively (Wright 2003). The oblique muscles (superior oblique and 
inferior oblique) insert into the posterior sclera and the inferior rectus inserts 
into the anterior sclera (Von Noorden and Campos 2002; Wright 2003) 
(Figure 7.8). A small decrease in AxL was found in the superior and supero-
temporal gaze directions, in which the primary muscle involved in these 
gaze shifts is the superior rectus (Wright 2003). Our findings suggest that 
the changes in EOM forces brought about by sustained versional eye 
movements for 5 mins, are sufficient to alter the eye’s AxL.  
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Figure 7.8: Extraocular muscles insertions: Superior rectus (SR), inferior 
rectus (IR), lateral rectus (LR), medial rectus (MR) muscles insert into the 
anterior sclera, and superior oblique (SO) and inferior oblique (IO) muscles 
insert into the posterior sclera. This figure is adapted from Kenneth W. 
Wright, Anatomy and Physiology of Eye Movements, 2003.
Chapter Seven
214 
 
 
Figure 7.9: Diagram of the field of action of the extraocular muscles of the 
left eye in cardinal directions (S, superior, SN, supero-nasal, N, nasal, IN, 
infero-nasal, I, inferior, IT, infero-temporal, T, temporal, ST, supero-
temporal). Arrows point the quadrant where the particular muscle plays the 
main role in ocular movement. This figure is adapted from Kenneth W. 
Wright, Anatomy and Physiology of Eye Movements, 2003. 
Greene (1980) theorized that the oblique muscles, because of their 
attachment locations at the posterior globe nearer to the optic nerve head, 
may have the capacity to produce local stress on the posterior globe, which 
may cause axial elongation associated with increased vitreous pressure. 
The changes we observed in the AxL of the eye in the field of action of the 
superior oblique and inferior oblique muscles gives some support for this 
hypothesis. However, our data only highlight the changes in the central AxL 
of the eye. It would, therefore, be useful to measure changes in AxL at 
various locations across the retina during shifts in gaze to determine the 
effects of the EOMs forces on the peripheral contour of the globe. However 
the mechanism by which eye turn causes change in axial length may be 
more complex (Aoki et al. 2003; Demer 2002). 
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In contrast to the AxL changes we found in the vertical and oblique gaze 
directions, we did not find any significant changes in AxL in nasal and 
temporal directions under the actions of horizontal rectus muscles (medial 
rectus and lateral rectus). This finding is consistent with the results of a 
previous study that observed little change (less than 5 microns) in the AxL 
of young adults both during and immediately after 15 mins of sustained 
convergence with 10° deviation in the horizontal gaze direction (Read et al. 
2010a). In contrast, Bayramlar et al. (1999) observed substantially larger 
changes in AxL with a greater amount of convergence (20 cm target 
distance) with and without cycloplegia in adolescents. Therefore, we cannot 
discount the possibility that larger magnitudes of convergence (> 15°) for 
longer periods, or a sustained convergence, could potentially cause 
changes in AxL.  
Analysis of the effects of refractive error in our subjects, showed a 
significant association between the magnitude of myopic refractive error 
and the amount of axial elongation occurring in infero-nasal and supero-
nasal directions. There is evidence of an overall thinning, localized ectasia 
and altered biomechanical properties in the sclera of highly myopic eyes 
(Hsiang et al. 2008; Saka et al. 2010). Therefore, the same force applied on 
the myopic sclera may cause a greater stretch compared with shorter 
emmetropic eyes. Studies examining the scleral biomechanical properties 
of animal models have found that the magnitude of scleral deformation 
increases over time if a constant pressure is applied to the globe (Greene 
and McMahon 1979; Ku and Greene 1981; Arciniegas and Amaya 1986; 
McBrien et al. 2009). Similarly, we observed that changes in AxL typically 
increased over time (up to 5 mins) when a constant external pressure was 
applied to the globe by the EOMs, with a fixed direction of gaze. The 
differences we have noted between myopic and emmetropic subjects in 
terms of the axial elongation of the eye with infero-nasal and supero-nasal 
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gaze directions over time may therefore reflect differences in the structural 
and mechanical properties of the sclera associated with myopia. 
The changes we have observed in axial length were small and reflect the 
short term influence of shifts in gaze direction on the length of the eye.  
Further research is therefore required to understand the implications of 
these short term findings for the longer term development and progression 
of myopia. However, our findings of a significant axial elongation of the eye 
associated with inferior and infero-nasal gaze leave open the possibility that 
longer periods, or the cumulative effects of multiple short periods of near 
work activities employing downward gaze (e.g. reading in downward gaze, 
or microscopy) over time could potentially promote a longer term elongation 
of the eye and the development of myopia through the mechanical 
influence of the EOMs. Recent biomechanical in vitro and modelling studies 
suggest that fibrous tissues exist in a preferred state of mechanical 
equilibrium, and that adaptations (such as growth and remodelling of the 
tissue at the microscopic level) occur in response to changes in the 
mechanical environment in order to restore the tissue’s preferred 
mechanical state (Foolen et al. 2010). These microscopic tissue 
adaptations in response to mechanical stress in ocular fibrous tissues such 
as the sclera could potentially result in tissue elongation (Grytz et al. 2012).  
Scleral adaptation, in response to prolonged mechanical stress from 
extraocular muscle force could therefore be a potential mechanism 
underlying myopic ocular elongation. 
Other than the external forces from the EOMs, the eye’s internal pressure 
(IOP) may also influence the AxL in different directions of gaze. Relatively 
small, short term elevations in IOP can lead to measurable increases in the 
axial length of young adult subjects (Read et al. 2011b). Previous studies 
(Nardi et al. 1988; Fishman and Benes 1991; Herzog et al. 2008) found a 
gaze-dependent increase in IOP, particularly in vertical gaze, resulting from 
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contraction of the EOMs. In the future, it would be of interest to also 
measure the changes in IOP in the cardinal gaze directions under the 
actions of EOMs. 
Unlike the changes in AxL, the changes in the choroid were smaller, less 
reliable (greater standard deviations) and for most gaze directions, not 
statistically significant. The exact mechanism underlying the small 
significant changes in the choroid for the downward gaze measurements 
are not clear, however we hypothesise that forces from the EOMs could be 
transmitted from the sclera to the choroid, and thus may lead to a change in 
ChT, or if the EOMs are causing IOP to rise in certain gaze angles, this 
may apply outward pressure to the choroid. 
7.4.2 Anterior biometrics 
The anterior chamber depth (ACD) of the eye generally became shallower 
in gaze directions away from primary gaze. Changes in ACD in gaze 
directions are likely to be associated with the changes in the position and/or 
shape of the crystalline lens (e.g. tilt or forward movement of the crystalline 
lens), since we did not observe any significant change in the corneal 
thickness with shift in gaze. Crystalline lens thickness increased in some 
gaze directions, particularly in the inferior directions. However, there was 
slightly greater variability in the lens thickness data compared to anterior 
chamber depth data. 
Glasser and Kaufman (1999) observed that the tension applied to the 
extraocular muscle may potentially affect the ciliary process movement and 
diameter of the lens equator in the monkey’s eye. Although the ciliary 
muscle has a firm anterior attachment within the scleral spur and trabecular 
meshwork, the posterior attachment consists of elastic tendons (Kupfer 
1962; Tamm et al. 1991). Therefore, the entire choroid/ciliary body system 
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forms an elastic network (Tamm et al. 1991). While an eye ball shifts in 
gaze, external pressure applied to the anterior part of the globe through 
extraocular muscles (in particular rectus muscles) may cause minor 
changes in the tension of the ciliary muscle, and therefore reduces zonular 
tension, which could lead to an increase in lens thickness or allow tilting of 
the lens in different directions of gaze.  
7.5 Conclusion 
To conclude, anterior biometrics and axial length of the eye changed as a 
function of eye rotation in a number of cardinal gaze directions over 5 mins. 
The axial length of the eye particularly increased in inferior gaze directions 
(inferior and infero-nasal) and in supero-nasal gaze. In contrast, axial length 
decreased slightly in some upward directions of gaze (superior and supero-
temporal gaze). The changes in axial length appear to be due to the 
influence of the extraocular muscles, since the effect was eliminated when 
head turn was used instead of eye turn, to shift the direction of gaze. 
Moderate myopes showed significantly greater axial elongation in infero-
nasal gaze than emmetropes and low myopes, and this could be related to 
anatomical differences or physiological and biomechanical changes in more 
myopic eyes.
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Chapter 8 
8 Conclusions and future work 
With the increasing prevalence of myopia in many populations, and the 
documented association between myopia and near tasks, understanding 
the ocular changes associated with near work is of particular interest in 
vision research. Conventional clinical instruments typically measures ocular 
parameters in primary gaze only (e.g. refraction and biometrics). Since 
many near tasks involve downward gaze and accommodation (i.e. reading, 
computer work, microscopy etc), it is of interest to investigate ocular 
refraction and biometry in downward gaze under natural viewing conditions. 
The objectives of this research programme were to develop techniques to 
reliably assess ocular parameters including ocular refraction, corneal 
topography and biometrics in downward gaze, and to investigate their 
changes during a near task in downward gaze over time. These research 
methods are summarised in Figure 8.1. In the first experiment, a clinical 
aberrometer was modified with a relay lens system to enable 
measurements of wavefront aberrations of the eye in downward gaze under 
natural viewing conditions with binocular fixation on a free space target 
(Chapter 3). Analysis techniques were were developed and utilized, 
including the correction of cyclotorsional changes of the eye associated 
with accommodation and downward gaze, to allow accurate discrimination 
of subtle changes in the optics of the eye in downward gaze. In the second 
experiment, we built a customized height and tilt adjustable table to incline 
the rotating Scheimpflug camera (Pentacam HR) and optical biometer 
(Lenstar) to measure corneal topography and ocular biometrics in 
downward gaze (Chapter 6). A consistent upright head position was 
maintained for all the subjects during both downward gaze (25 degrees 
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rotation of the eye) and primary gaze conditions using a sliding bar 
attached to the headrest to ensure consistency of changes in eye rotation 
between conditions. Finally, in the third experiment, we measured anterior 
ocular biometrics, axial length and choroidal thickness of the eye in the nine 
cardinal directions with distance accommodation using rotating prisms 
before each eye (Chapter 7). 
 
Figure 8.1: A summary of clinical technique development to enable 
measurements of ocular parameters in downward gaze. COAS aberrometer 
was modified with a relay lens system to measure wavefront aberrations of 
the eye in downward gaze under natural viewing conditions. Pentacam HR 
and Lenstar optical biometer were inclined on a tilting stage for downward 
gaze measurements.   
8.1 Main findings and implications 
To improve our understanding of the dynamic characteristics of the eye 
associated with near tasks, a range of factors were investigated including 
ocular refraction, higher order aberrations, anterior biometrics, axial length 
and choroidal thickness of the eye (summarized in Table 8.1 and Table 
8.2). In the context of near work and myopia development, this thesis 
advances our knowledge and understanding of the optical and 
biomechanical changes of the eye during a near task in downward gaze 
under natural viewing conditions (Figure 8.2). 
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8.1.1 Changes in optics of the eye in downward gaze 
Since near tasks may play a role in refractive development (Saw et al. 
2001a; Saw et al. 2007; Ip et al. 2008b), some studies have suggested that 
a different level of higher order aberrations during accommodation 
introduces optical blur which stimulates ocular growth (Collins et al. 1995a; 
He et al. 2000). A number of previous studies have measured wavefront 
aberrations of the eye in primary gaze while viewing a near target with 
monocular fixation (Atchison et al. 1995; Cheng et al. 2004; Radhakrishnan 
and Charman 2007c). However, this does not replicate the natural viewing 
conditions of human eyes for many near tasks or reading that typically 
involves binocular viewing, accommodation, convergence and downward 
gaze.  
Utilizing a novel method for measuring wavefront aberrations under natural 
viewing conditions, we observed significant changes occurring in the optical 
properties of the eye during a near task in downward gaze over time 
(Chapter 4). An interesting finding in this study was that the mean refractive 
power of the eye shifted in the myopic direction (~0.12 D) in downward 
gaze with no accommodation. On the basis of the follow-up experiment 
(Chapter 6), we concluded that the myopic shift of the eye in downward 
gaze may occur as the result of a combination of corneal steepening, a 
decrease in the anterior chamber depth and an increase in axial length 
under the action of biomechanical forces. Astigmatism and higher order 
aberrations also changed significantly in downward gaze over time. The 
cornea was mainly responsible for the changes in astigmatism and higher 
order aberrations (mainly coma and trefoil) of the total eye in downward 
gaze, due to the eyelid pressure on the anterior corneal surface (Chapter 
6). 
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The changes in mean refractive power, astigmatism, vertical trefoil and 
vertical coma in downward gaze were consistent with previous studies 
reporting changes in the optics of the eye following reading (Buehren et al. 
2003a; Shaw et al. 2008). However, we observed greater changes in 
refractive components and higher order aberrations of the eye during 
downward gaze, compared to previous studies that have measured the 
optics following downward gaze (Chapter 4). This suggests that some of 
the optical changes that occur during downward gaze may dissipate quickly 
following downward gaze. 
Although extensive research has been carried out to investigate the 
changes in wavefront aberrations with accommodation in primary gaze 
(Atchison et al. 1995; Collins et al. 1995a; Cheng et al. 2004; 
Radhakrishnan and Charman 2007c), the optical characteristics of the eye 
during a sustained period of accommodation in downward gaze have not 
been reported. The results of our study suggest that accommodation 
causes significant changes in higher order aberrations (in particular 
spherical aberrations and coma), being relatively stable in primary gaze but 
showing changes over time in downward gaze (Chapter 4). These changes 
may be associated with alterations the curvature or tilt of the crystalline lens 
during accommodation in downward gaze and were investigated further in 
Chapter 6.  
Most of the previous studies of refractive error have measured wavefront 
aberrations of the eye at a single point in time (Atchison et al. 1995; Collins 
et al. 1995a; He et al. 2000; Cheng et al. 2004; Radhakrishnan and 
Charman 2007c). By investigating changes in optics of the eye in 
downward gaze over 10 mins, we found that the visual optics of the eye 
exhibited dynamic characteristics over time during a near task (Chapter 4, 5 
and 6). 
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There were no obvious systematic differences in higher order aberrations 
between myopes and emmetropes during accommodation or with 
downward gaze when analysed with fixed pupil diameters (Chapter 4). As 
changes in the pupil size can alter optics of the eye during a near task, we 
also conducted analyses of the wavefront data using the natural pupil 
diameters to investigate the true state of the optics of the eye during the 
near task (Castejon-Mochon et al. 2002; Howland 2002; Thibos et al. 
2002b). There were small but significant differences in the level of 
monochromatic aberrations (particularly spherical aberration) between 
refractive error groups in downward gaze with natural pupils during a high 
level (5D) of accommodation demand (Chapter 5).  
We found that spherical refractive error, astigmatism and higher order 
aberrations were influenced by downward gaze and accommodation during 
a 10 mins near task. These changes in the optical characteristics of the eye 
may potentially have a small influence on the subjective and objective 
refraction of the eye. For example, the outcomes of corneal refractive 
surgery procedures might be affected due to changes in the optics of the 
eye, if there is a sustained period of near task undertaken in downward 
gaze prior to the pre-surgical measurements of the ocular parameters. In 
customized refractive surgery, the higher order aberrations are also 
corrected by corneal ablation (Alessio et al. 2000; Knorz and Neuhann 
2000; Mrochen et al. 2000). We have shown that a number of higher order 
aberrations also change significantly in downward gaze over 10 mins time.
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Table 8.1: Summary of changes in wavefront aberrations of the eye as a result of accommodation and downward gaze. 
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Chapter 4 
Spherical equivalent: myopic shift (~0.12 D) 
 
Corneal steepening + forward 
movement of the crystalline lens + 
axial elongation in downward gaze  
 
Astigmatism: against-the-rule shift 
Changes in coma, trefoil, secondary astigmatism 
and tetrafoil 
Changes in coma, trefoil and tetrafoil 
Lid pressure on corneal surface, 
crystalline lens tilt in downward gaze 
may cause astigmatic and higher 
order aberrations changes 
 
Greater accommodative response (decreased lag) 
in downward gaze than primary gaze 
 
Downward gaze + gravity + 
accommodation → exacerbates the 
normal changes in shape and refractive 
index distribution of the lens + forward 
movement of the lens 
 
Downward gaze + gravity + 
accommodation → alter pupillary 
margin pressure on the lens surface → 
influence spherical aberration 
Greater change in primary and secondary spherical 
aberration in downward gaze than primary gaze 
 
 OR 
Astigmatism: with-the-rule shift 
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8.1.2 Changes in biometrics of the eye in downward gaze 
This is the first study to report the influence of gaze angle and 
accommodation on anterior eye biometrics and axial length over time 
(Chapter 6). We found that anterior chamber depth decreased by about 10 
microns in downward gaze after the 10 mins task with no accommodation. 
This will contribute to a small myopic shift (~0.01 D) in the ocular (total) 
refraction. We also observed a similar trend for changes in the anterior 
chamber depth during accommodation, being shallower in downward gaze 
than primary gaze (Chapter 6). From this result, it is likely that a small 
forward movement or tilt of the crystalline lens takes place during 
downward gaze under the action of gravity.  
There is evidence that accommodation causes a transient increase in axial 
length during near tasks, which is most likely associated with the 
mechanical force caused by ciliary muscle contraction (Drexler et al. 1998; 
Mallen et al. 2006; Read et al. 2010c; Woodman et al. 2011). Our study 
suggests that downward gaze and accommodation have a greater effect on 
axial elongation than accommodation alone. There was a small change in 
axial length during 2.5 D accommodation in primary gaze (about 8 microns 
after 10 mins task) (Chapter 6). However the change in axial length in 
downward gaze with 2.5 D accommodation was almost three times greater 
(about 22 microns after 10 mins task) than the axial length change in 
primary gaze with 2.5 D accommodation. We hypothesised that mechanical 
force from extraocular muscles and/or gravitational effects on the globe 
may cause a greater level of axial elongation in downward gaze and this 
hypothesis was examined in a subsequent experiment (Chapter 7).
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Table 8.2: Summary of changes in biometrics of the eye as a result of accommodation and downward gaze. 
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Chapter 6 
Anterior chamber depth decreased by about 10 µm in 
downward gaze (25°) 
Several factors may cause greater 
change in anterior biometrics in 
downward gaze: 
i. Forward movement of 
lens under gravity 
ii. Lens tilt in downward gaze 
iii. Lens decentration in 
downward gaze 
 
Axial length increased by about 22 µm during accommodation 
in downward gaze whereas axial length increased by only 8 µm 
during accommodation in primary gaze. 
Near task in downward gaze→ 
downward gaze (extraocular 
muscle’s force) + accommodation 
(ciliary muscle’s tension) → axial 
elongation → near work induced 
myopic shift 
Anterior chamber depth change was significantly greater with 
accommodation in downward gaze (163µm), compared to 
primary gaze (138µm) with accommodation 
Lens thickness change was significantly greater with 
accommodation in downward gaze (171µm), compared to 
primary gaze (131µm) with accommodation 
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Figure 8.2: A flowchart of the various near work related optical and biomechanical factors that have been investigated in this thesis. 
Yellow boxes illustrate key findings related to the hypothetical associations between near work and refractive error development. 
LSA = longitudinal spherical aberration.
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In Chapter 7, the relative contributions of gravitational effects and 
extraocular muscle forces on the axial length changes in downward gaze 
were studied. The results of this experiment suggest that the axial length 
changes observed in downward gaze are due to the influence of the 
extraocular muscles with change in gaze direction, since the effect was 
eliminated when head turn was used instead of eye turn, to shift the 
direction of gaze (Chapter 7). 
The changes in ocular biometrics in downward gaze prompted us to further 
investigate the influence of the extraocular muscles on the anterior 
biometrics, axial length and choroidal thickness of the eye in different 
directions of gaze. We therefore measured the changes in the ocular 
biometric components occurring following shifts in gaze in each of the nine 
cardinal directions of gaze (Chapter 7). There was a significant influence of 
gaze angle on axial length, with greatest axial elongation (group mean 
change +17 ± 8 µm) occurring in the infero-nasal gaze direction, and a 
slight decrease in axial length in superior gaze (group mean change –12 ± 
17 µm). The changes we observed in the axial length of the eye in infero-
nasal gaze appear to be due to the influence of the extraocular muscles, in 
particular the superior oblique muscle, since this is its primary field of 
action. 
Subjects with higher levels of myopia had a significantly greater axial 
elongation compared to lower degrees of myopia and emmetropia in the 
infero-nasal gaze. The differences between myopes and emmetropes in 
terms of the axial elongation of the eye with infero-nasal gaze may reflect 
differences in the structural and biomechanical properties of the sclera 
associated with myopia (Chapter 7). 
Chapter Eight
229 
 
The findings of Chapter 6 and 7 provide a better understanding of the 
biomechanical factors that could potentially produce myopia associated 
with accommodation and downward gaze. We found a small but significant 
axial elongation in downward gaze with a moderate level of accommodation 
over time that is most likely associated with a combination of biomechanical 
factors such as, extraocular muscle force and ciliary muscle contraction. It 
is conceivable that the cumulative effects of multiple short term changes in 
eye length through these mechanical stimuli could potentially be precursors 
to longer term eye growth changes related to near work activities employing 
downward gaze (e.g. reading in downward gaze, or microscopy) over time. 
Recent in vitro modelling studies have demonstrated that soft tissues 
undergo a variety of microscopic tissue adaptations in responses to 
elevated mechanical stress (Girard et al. 2009; Coudrillier et al. 2012).  
Adaptation of scleral tissue in response to mechanical stress (e.g. 
extraocular muscles) could result in the scleral remodelling mechanism 
underlying myopia development (Grytz et al. 2012). 
8.2 Future studies 
 Accommodation and convergence have often been hypothesised to play 
an important role in myopia progression associated with near tasks 
(Gwiazda et al. 1993; Bayramlar et al. 1999). A number of previous studies 
have noted significant associations between near work activities and the 
development of myopia (Wong et al. 1993; Kinge et al. 2000; Hepsen et al. 
2001; Mutti et al. 2002; Saw et al. 2002a). Occupational groups that 
typically undertake intense accommodation and convergence such as 
textile workers (Simensen and Thorud 1994; Goldschmidt 2003) and 
microscopists (Adams and McBrien 1992; McBrien and Adams 1997) have 
also been found to have an increased prevalence of myopia. Further 
evidence for the hypothesis that the near work and accommodation 
systems may influence myopia development is that children with near 
esophoria exhibit a higher myopic progression (Goss 1991; Drobe and de 
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Saint-Andre 1995; Goss and Jackson 1996; Goss and Rainey 1999). The 
changes we observed in the axial length in infero-nasal gaze add some 
support for the hypothesis of a link between downward gaze, convergence 
and myopia development (Chapter 7). It would be useful to measure 
changes in axial length in infero-nasal gaze with accommodation to 
determine the combined effects of the ciliary muscle and extraocular 
muscles on the axial length of the eye and to do this over extended periods 
of time, to simulate longer durations of near work tasks. 
Theories of myopia development involving eye growth signals from the 
peripheral retina prompted a number of investigations of the possible roles 
of the shape of the posterior eye in refractive error development. Myopic 
subjects appear to have a more irregular posterior eye shape than 
emmetropic individuals (Tabernero and Schaeffel 2009). MRI studies found 
that myopic globes are relatively more prolate than emmetropes (Atchison 
et al. 2004; Moriyama et al. 2011). There are several clinical signs of retinal 
stretching in high myopia such as tessellated appearance of the fundus, 
optics disc crescents and posterior staphyloma (Curtin and Karlin 1971; 
Curtin 1977). It is reasonable to predict that retinal stretch may occur 
through extraocular muscle tension during a near task in infero-nasal gaze, 
and that this could potentially alter the posterior globe shape over time.  
Therefore, future research could aim to examine the changes in axial length 
at various locations across the retina during shifts in gaze, to determine the 
effects of the extraocular muscle forces on the peripheral contour of the 
globe, using methods such as optical coherence tomography or MRI.  
Using bifocal spectacle lenses, a statistically significant, but clinically small 
reduction in myopia progression (about 20%) has been reported by Oakley 
and Young (1975), Gwiazda et al. (2003) (progressive addition lenses) and 
Berntsen et al. (2012) (progressive addition lenses). In contrast, bifocals 
were not shown to be effective in myopia treatment by other studies 
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(Grosvenor et al. 1987; Jensen 1991; Fulk and Cyert 1996; Edwards et al. 
2002). Recently, Cheng at (2010) conducted a randomized controlled 
clinical trial on progressing myopic children to investigate the effect of 
prismatic bifocal spectacles on myopia progression. Interestingly, they 
found that the myopia progression rate is significantly lower (about 69%) 
with a combination of bifocal spectacle (+1.5 D) and base-in prism (3∆), 
compared to single vision spectacles. Since our study suggests that the 
length of the eye shows maximum increase in infero-nasal gaze (i.e. a 
typical reading gaze) under the action of the superior oblique muscle 
(Chapter 7), it may be that the use of an oblique prism (base down and in) 
in reading glasses for children could reduce tensile stress on the posterior 
sclera during a typical near task in downward gaze. This could lead to a 
decrease in myopia progression in children associated with prolonged near 
tasks, if short term stress in the sclera from the extraocular muscles is 
associated with longer term scleral remodelling and eye growth.  
It has been suggested that a small amount of crystalline lens tilt may occur 
during accommodation that could potentially alter astigmatism and higher 
order aberrations of the eye (Atchison et al. 1995; Rosales et al. 2008). Our 
biometric data support this notion, as we found a small change in the slope 
of the anterior lens surface associated with downward gaze and 
accommodation (Chapter 6). One of the limitations of this study is that the 
image distortion in the anterior lens data was not corrected. Therefore, a 
ray-tracing approach would be required to derive the true shape of the 
anterior lens surface. Further studies extending this work could provide 
insight into the complete description of the three dimensional crystalline 
lens shape and position in downward gaze under natural viewing 
conditions.  
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Wavefront aberrations of the eye increase in the periphery away from the 
centre of the visual field (Guirao and Artal 1999; Atchison and Scott 2002; 
Atchison 2006). These changes are mainly dominated by lower order 
aberrations of the eye such as, defocus and astigmatism. However, higher 
order aberrations (horizontal coma, spherical aberration and secondary 
coma) are also found to increase along the horizontal visual field (Atchison 
2006). Recently, Mathur et al (2008; 2009b) measured the aberrations of 
the eye across the visual field. They found that primary (J0) and oblique 
(J45) astigmatism increased from the centre to the periphery of the visual 
field along the horizontal meridian. Our study suggests that downward gaze 
may introduce a small amount of crystalline lens tilt during a near task that 
could potentially increase astigmatism and higher order aberrations of the 
eye in the periphery of the visual field (Chapter 6). Therefore, it would be of 
interest to measure the off-axis aberrations of the eye along the horizontal 
and vertical meridian of the visual field, during a near task in downward 
gaze, under natural viewing conditions, to better understand the optical 
effects on the peripheral retina of these changes. 
We have conducted pilot studies to demonstrate the potential application of 
measuring ocular aberrations in downward gaze with various ophthalmic 
corrections (e.g. bifocal contact lenses, progressive addition lens) using the 
COAS-HD relay system (Appendix 1). Results of the pilot studies suggest 
that the optical performance of the ophthalmic corrections in vivo may 
change significantly in downward gaze. Therefore, ‘lens-eye’ interaction 
should be considered in designing, and in the clinical performance 
evaluation, of ophthalmic corrective lenses during near tasks. Future 
studies extending this preliminary work will provide insight in to the 
performance of ophthalmic corrective lenses in situ and the optical 
properties of the human eye in reading gaze under natural viewing 
conditions. 
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8.3 Concluding remarks 
We found a number of changes in the optics and biometrics of the eye in 
downward gaze during near tasks, over time. The spherical refractive 
power shifts slightly in the myopic direction in downward gaze. Astigmatism 
and higher order aberrations also change in downward gaze. There are 
several biomechanical factors that appear to alter the optics of the eye in 
downward gaze such as, eyelid pressure on the corneal surface, 
extraocular muscle (particularly oblique muscles) force on the globe and 
ciliary muscle force on the globe. Accommodation causes a greater change 
in the optics of the eye in downward gaze compared with primary gaze. A 
small but significant axial elongation occurs with accommodation in 
downward gaze and these changes in axial length in downward gaze 
appear to be due to the extraocular muscle force on the globe. These 
findings provide a better understanding of the dynamic characteristics of the 
refractive status and biometric properties of the eye and improve our 
knowledge of the possible link between near work and refractive error 
development.
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Appendix 1: Clinical applications of COAS-HD relay system 
 
Introduction 
In Chapter 3, we have modified a clinical aberrometer with a relay lens 
system to measure eye’s wavefront aberrations in downward gaze under 
natural viewing conditions. A subsequent study was then conducted to 
investigate the optical characteristics of the eye in downward gaze using 
the COAS-HD relay system (Chapter 4). In addition to this, we have also 
conducted a pilot study to demonstrate the potential clinical applications of 
measuring wavefront aberrations in downward gaze using the COAS-HD 
relay system.   
 Progressive addition lenses are multifocal corrective lenses for presbyopic 
subjects who have reduced amplitude of accommodation with age. These 
lenses provide clear vision for all distances (distance, intermediate and 
near) with a gradual increment of positive power from the upper distance 
zone to the lower near zone. Considering the design of progressive addition 
lenses (PALs), it is well known that PALs introduce some higher order 
aberrations because of rapid changes in surface curvature, particularly 
along the progressive corridor (Raasch et al. 2011).  
Contact lenses can also change their optical properties on the eye. As 
contact lenses move on eye, decentration of the lens may introduce off-axis 
aberrations during downward gaze, particularly for designs such as 
simultaneous vision soft bifocals lenses. Rotational stability of soft toric 
contact lenses may also change in downward gaze. To rule the possible 
reasons of this fluctuation of vision, we need to estimate the optical 
performance of these lenses during reading in down gaze. 
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 For a better understanding of ‘lens-eye’ interaction in downward gaze, it is 
important to measure optical aberrations of these lenses in combination 
with the eye in downward gaze. To test this idea, we have performed a pilot 
study where we measured ocular aberrations in primary gaze and in 
downward gaze from one presbyopic subject with various ophthalmic 
corrections. The details of these ophthalmic corrections are outlined in 
Table 1. 
Table 1: Lens details used in this study. 
Type of lenses Design Distance power Addition 
Progressive addition spectacle 
lens (PALs) Wide corridor Plano 2.00 D 
Soft multifocal contact lens Concentric –1.00 D 1.50 D 
Rigid gas permeable(RGP) 
bifocal contact lens Translating Plano 2.00 D 
 
Methods   
One presbyopic subject participated in this pilot experiment. We measured 
wavefront aberrations of the bare eye (eye only) in primary gaze and down 
gaze (25 degree) as baseline (control) measurements through natural 
pupils. Then we have measured wavefront aberrations of the same eye with 
spectacle or contact lenses in primary and down gaze (25 degree) using 
the COAS-HD relay system. Then we found the wavefront aberrations (W) 
of isolated spectacle or contact lenses through the following equation: 
   ( , ) ( , ) ( , )Lensonly Lensoneye BareeyeW W Wρ θ ρ θ ρ θ∆ = −                   
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  Results 
Changes in optics with progressive addition lens in downward gaze 
Wavefront maps representing the higher order aberration distributions (in 
microns) of different optical zones (distance, intermediate and near) of ‘lens 
only’ (PAL) across a 5.0 mm pupil diameter are illustrated in Figure 1. Total 
higher order RMS for each condition was also calculated to compare the 
optical image quality during distance, intermediate and near viewing with 
the PAL. The magnitude of total higher order RMS increased in the 
intermediate zone (0.192 µm) and in the near zone of the lens (0.154 µm) 
to be considerably more than the magnitude through the distance zone 
(0.083 µm) (Figure 1). Comparing the distance zone and intermediate zone 
of the PAL, the largest changes occurred in vertical trefoil C(3,−3) [mean 
difference – 0.142 µm] followed by vertical coma C(3,−1) [mean difference 
– 0.088 µm]. In the near zone, the greatest changes occurred in vertical 
coma C(3,−1) [mean difference − 0.105 µm] followed by vertical trefoil 
C(3,−3) [mean difference -0.091 µm] compared to the distance zone. 
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Figure 1: Higher order wavefront maps and retinal image quality [point spread functions and three dimensional modulation transfer 
functions (MTFs)] through different optical zones of a progressive addition lens (lens only) across 5.0 mm fixed pupil diameter. 
Average VSOTF is shown at the top of each plot. 
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Changes in optics of soft multifocal contact lens in downward gaze 
Refractive power maps are shown to represent the refractive power 
distribution of ‘eye only’, ‘contact lens on eye’ and ‘contact lens only’ for 
natural pupil diameter in Figure 2. The numeric values written on the top of 
the each power map are the best fit spherical and cylindrical power 
obtained from wavefronts. The ‘Lens only’ refractive power map in primary 
gaze showed a typical centre-near bifocal pattern, whereas in downward 
gaze it showed an upward displacement of the position of the centre-near 
zone. 
Total magnitude of higher order RMS of ‘contact lens only’ has been 
increased by 38.70% in down gaze compared to primary gaze, with a 
substantial change in vertical coma C(3, –1) (0.29 µm) and vertical trefoil 
C(3,–3) [0.15 µm] in downward gaze (Figure 2). 
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Figure 2: Refractive power maps and higher order wavefront maps of a soft 
multifocal contact lens in primary and down gaze.     
 
Changes in optics of soft toric contact lens in downward gaze 
From ‘contact lens only’ power maps, it is apparent that the axis of 
cylindrical power rotated by 4 degree (clockwise) in down gaze compared 
to the primary gaze (Figure 3). 
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There were only small changes only in higher order RMS (0.05 µm) 
between primary and down gaze. These changes in higher order RMS were 
comparatively smaller than progressive contact lens.         
 
 
Figure 3: Refractive power maps and higher order wavefront maps of a soft 
toric contact lens in primary and down gaze. 
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Changes in RGP bifocal contact lens in downward gaze 
The highest changes occur in vertical coma C(3,–1) [– 0.73 µm] followed by 
horizontal trefoil C(3,3) [0.56 µm] and vertical trefoil C(3,–3) [0.42 µm] in 
downward gaze compared to primary gaze (Figure 4). 
In comparision of all other lenses tested in this study, RGP bifocal lens 
(contact lens only) had the highest variation of total higher order RMS (0.87 
µm) between primary and down gaze. 
 
Figure 4: Refractive power maps and higher order wavefront maps of a 
RGP bifocal contact lens in primary and down gaze.     
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To provide an illustration of the changes in retinal image quality in 
downward gaze with each of the tested ophthalmic corrective lenses, the 
measured higher order aberrations were used to calculate the point spread 
function (PSF) and Visual Strehl ratio based on optical transfer function 
(VSOTF) for a fixed 5.0 mm pupil (Figure 5). Presently, the VSOTF is 
considered to be one of the best image quality metrics, which is highly 
correlated with subjective visual acuity (Cheng et al. 2004). The numerical 
calculation of VSOTF is discussed in elsewhere (Iskander 2006). 
Reductions in retinal image quality are evident in downward gaze with each 
of the different corrective lenses in place (Figure 5). 
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Figure 5: Point spread functions (PSFs) of human eyes with various 
ophthalmic corrections (spectacle/contact lenses) at primary gaze and at 
downward gaze (25 degree). The values under the PSFs are the average 
visual Strehl of the optical transfer functions (VSOTFs). 
 
Discussion 
We have demonstrated the potential application of measuring ocular 
aberrations in downward gaze with spectacle corrections such as PALs. 
Similar to previous studies (Villegas and Artal 2003; Villegas and Artal 
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2004), the results of our study also suggest that PALs introduce higher 
order aberrations, in particular coma and trefoil in the intermediate and near 
zones. Optical bench methods (Fowler and Sullivan 1989; Castellini et al. 
1994; Spiers and Hull 2000) or mathematical models (Volk and Weinberg 
1962; Minkwitz 1963) can measure or estimate the optical quality of PALs 
in isolation from the optics of the eye. However the interaction between the 
optics of the human eye and the ophthalmic corrective lenses will produce 
unique aberration profiles.  
 The interaction between the optics of the human eye and the ophthalmic 
COAS-HD relay system may also be useful to assess the optical 
performance of contact lenses in downward gaze. Considering the bare eye 
(‘eye only’), the changes of refractive power (in dioptre) and higher order 
aberrations (in microns) were relatively small in downward gaze compared 
to the primary gaze. In contrast to the small changes associated with a brief 
period of downward gaze fixation in the bare eye condition, the changes in 
wavefront aberrations and retinal image quality associated with contact 
lenses in situ in downward gaze were substantial. Contact lenses might be 
slightly decentred from their original position by biomechanical forces or 
gravity during looking down. Therefore, changes in the lens centration and 
tear film structure (particularly for RGP contact lens) may underlie the 
variations in aberrations in downward gaze. Mcllraith et al. (2010) examined 
the stability of soft toric contact lenses in different viewing gazes and found 
an infero-nasal rotation of contact lenses in downward gaze. Translating 
soft and rigid bifocal contact lenses are designed so that a near vision lens 
segment shifts across the pupil in downward gaze. The COAS-HD relay 
system is also potentially be useful in assessing the on-eye optical 
performance of these translating lenses in primary and downward gaze.  
In addition, another important clinical application of COAS-HD relay system 
could include the assessment of the optical performance of presbyopia-
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correcting intra-ocular lenses (IOLs) in downward gaze. For example, a 
recently developed gravity dependent liquilens (accommodative IOL) 
contains two immiscible liquids of different refractive indices (Fine et al. 
2008). Dynamic interplay of these fluids in downward gaze provides plus 
power through the line of sight during reading or near tasks in downward 
gaze.   
Conclusion 
Some clinical examples have been presented to illustrate the potential 
application of measuring ocular aberrations in downward gaze. It is 
apparent that optical performances of the ophthalmic corrections in vivo 
may become worse in downward gaze. Therefore, ‘lens-eye’ interaction 
should be considered in designing and in the clinical performance of 
ophthalmic corrective lenses during near tasks. Future studies extending 
this preliminary work will provide insight in to the performance of ophthalmic 
corrective lenses in situ and the optical properties of the human eye in 
reading gaze under natural viewing conditions. 
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Abstract 1 
                                                                                    
Changes of ocular refraction in downward gaze                                                              
Authors: Atanu Ghosh1, Michael Collins1, Scott Read1, Brett Davis1, D. Robert Iskander2, Payel 
Chatterjee1 
(1)Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of 
Technology, Brisbane, Australia; (2) Institute of Physics, Wroclaw University of Technology, 
Wroclaw, Poland. 
Key words: aberrations, eyelids pressure, refractive error. 
Purpose: To assess the changes in refractive power of the eye in primary and downward 
gaze. 
Methods: Twenty three young subjects with normal ocular health were recruited. Subjects 
performed a binocular distance (5 m) task (watching TV) in both primary and downward gaze 
(250) in separate trials. After 0, 5 and 10 minutes from the commencement of each trial, 
measurements of ocular aberrations were taken using a modified Shack-Hartmann 
aberrometer that allowed free space viewing of a target (high contrast Maltese cross) at 5 m in 
both primary and downward gaze. To observe the recovery of the refractive power of the eye 
following the test condition, subjects again watched TV in primary gaze and we took 
measurements of aberrations at 0, 5 and 10 minutes. 
Results: Small but significant changes (t-test; p<0.05) in refractive power and higher order 
aberrations (5 mm pupil) were observed in downward gaze. Changes in refractive component 
M showed a myopic shift and J0 an against-the-rule astigmatic shift in downward gaze. 
Significant changes also occurred in 𝐶3−1 (vertical coma) and 𝐶3−3 (vertical trefoil) in downward 
gaze. The changes in refractive power that occurred in downward gaze recovered almost 
immediately after shifting the viewing gaze from downward back to primary gaze. 
Conclusions: We found differences in ocular aberrations between primary and downward 
gaze that could be associated with biomechanical forces due to eyelid pressure on cornea 
and /or crystalline lens tilt. These findings have implications for our understanding of the 
stability of refractive error. 
 
 
SEMO 2010 
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Abstract 2 
 
                                                                                                        
 
A Novel Technique to Assess Optical Performance of Presbyopic 
Corrections in Downward Gaze 
Authors: Atanu Ghosh1, Michael Collins1, Scott Read1, Brett Davis1, D. Robert Iskander2, 
Payel Chatterjee1 
(1)Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of 
Technology, Brisbane, Australia; (2) Institute of Physics, Wroclaw University of Technology, 
Wroclaw, Poland. 
Key words: downward gaze, presbyopic corrections, wavefront aberrations.  
Purpose: To develop a technique to measure ocular aberrations in primary and downward 
gaze under natural viewing conditions and to assess the changes of aberrations in downward 
gaze with presbyopic corrective lenses. 
Methods: A commercial Hartmann-Shack aberrometer (COAS-HD) was modified by adding a 
relay lens system to allow on-axis aberrations measurement in primary gaze and downward 
gaze with binocular fixation. Measurements from a model eye with the modified system in 
primary and downward directions were compared with readings from a conventional 
aberrometer. To examine the changes of aberrations with presbyopic corrective lenses in 
reading gaze, we measured aberrations of human eyes wearing a range of different lenses 
(e.g. progressive addition spectacle lenses, concentric and translating bifocal contact lenses) 
in primary and 25° downward gaze.  
Results: For the model eye, results for the refractive components (M, J0 and J45) were highly 
correlated (r > 0.97 for all components) between modified and conventional instrument for 
both primary and downward directions. Mean differences in higher order RMS were less than 
0.02µm for both primary and downward directions. For human eyes, wearing presbyopic 
corrective lenses, higher order RMS increased and visual Strehl ratio (based on optical 
transfer function) decreased (5.0 mm pupil) in downward gaze, thus indicating a reduction in 
retinal image quality.  
 
Conclusion: The modified wavefront sensor can reliably measure ocular aberrations in 
primary and downward gaze under natural viewing conditions. The use of presbyopic 
corrective lenses led to increases in higher order aberrations in downward gaze compared to 
primary gaze measures. 
 
 
SEMO 2010 
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Abstract 3 
                                                                                                                                   
  
Changes in Ocular Aberrations during a Near Task in Downward Gaze for 
Emmetropes and Myopes 
Atanu Ghosh1, Michael J Collins1, Scott A Read1, Brett A Davis1, D. Robert Iskander2, Payel 
Chatterjee1 
(1)Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of 
Technology, Brisbane, Australia; (2)Institute of Physics, Wroclaw University of Technology, 
Wroclaw, Poland. 
Purpose: To assess the influence of accommodation (0 D, 2.5 D and 5 D) on ocular 
aberrations in downward gaze over a period of time in myopes and emmetropes. 
Methods: Twelve emmetropes (mean −0.29 ± 0.36 D) and fourteen myopes (mean −3.26 ± 
1.60 D) with normal ocular health, aged from 19 to 30 years were recruited. Subjects 
performed a control task (watching TV at 5 m distance in primary gaze) for 10 mins prior to 
each trial, then performed a binocular distance task (watching TV at 5 m) in downward gaze 
(25°) and a near task (watching video on a portable LCD screen) at two different 
accommodative demands (2.5 D and 5 D) in downward gaze (25°) in a randomized order. 
Immediately after (<1min), 5 and 10 mins from the commencement of each trial, 
measurements of ocular aberrations were taken in downward gaze using a modified Shack-
Hartmann aberrometer. Zernike coefficients up to the 8th radial order were analysed for natural 
pupil diameters. 
Results: Repeated measures MANOVA revealed a significant influence of accommodation 
stimulus (p<0.001) and time (p=0.001) on the changes in mean refractive power (M), 
indicative of a reduction in accommodative lag over time. Primary astigmatism (J0) was 
shifted in the with-the-rule direction with accommodation (p=0.014). Of the higher order 
coefficients, vertical trefoil C(3,−3) [p=0.008], horizontal coma C(3,1) [p<0.001], secondary 
astigmatism C(4,−2) [p=0.001] and primary spherical aberration C(4,0) [p=0.005] all changed 
significantly with increased accommodation level. There was also a significant interaction 
between accommodation and refractive error group for the changes in C(3,−3) [p=0.03], 
C(4,0) [p=0.03] and C(6,0) [p=0.04]. Mean higher order RMS increased (p<0.001) with 
accommodation which was significantly greater (p=0.04) in myopes than emmetropes for 5 D. 
Conclusions: Significant changes in refractive power and higher order aberrations occurred 
with accommodation as a function of time in downward gaze. This highlights the dynamic 
characteristics of visual optics during a near task.  
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Abstract 4 
                                                                                  
                                                                                      
 
Influence of accommodation on primary and secondary spherical aberration 
as a function of time: primary gaze Vs downward gaze 
Michael Collins1, Atanu Ghosh1, Scott Read1, Brett Davis1, D. Robert Iskander2, Payel 
Chatterjee1 
(1)Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of 
Technology, Brisbane, Australia; (2) Institute of Physics, Wroclaw University of Technology, 
Wroclaw, Poland. 
Purpose: To investigate the stability of wavefront aberrations between primary gaze and 
downward gaze with the same level of accommodation (2.5 D) over a period of time.  
Methods: Twenty five young subjects (mean age 25 ± 4 years) were recruited. Subjects 
watched TV at 5 m distance in primary gaze for 10 mins duration prior to each trial and then 
performed a binocular near (40 cm) task (watching video on a portable LCD screen) in both 
primary (0°) and downward gaze (25°) in separate trials. Wavefront measurements were taken 
using a modified Shack-Hartmann aberrometer that allowed free space viewing of a target 
(high contrast Maltese cross) displayed on the LCD screen in both primary and downward 
gaze. Measurements were taken immediately (<1 min), 5 and 10 mins after the 
commencement of each trial from the subject’s left eye. Zernike coefficients up to the 8th radial 
order were analysed (fixed 3.0 mm pupil).  
Results: Repeated measures ANOVA revealed a significant effect of gaze (p=0.004) and a 
significant gaze by time interaction (p=0.046) for the changes in primary spherical aberration 
C(4,0) during accommodation. C(4,0) was significantly more negative in downward gaze, with 
the largest differences between primary and downward gaze (-0.013 µm) noted at the 10 mins 
measurement. A significant influence of gaze (p=0.02) was also found for secondary spherical 
aberration C(6,0) during accommodation. Refractive power analysis showed that the changes 
in primary and secondary spherical aberration resulted in more negative longitudinal spherical 
aberration with downward gaze that increased with time during the 2.5 D accommodation task. 
Defocus showed no obvious change between primary and downward gaze during the 10 mins 
near task (p=0.409).  
Conclusions: Significant changes in primary and secondary spherical aberration occurred 
between primary and downward gaze for a moderate level of accommodation. The difference 
in spherical aberration between primary and downward gaze systematically increased over the 
10 mins near task.                
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Accommodation and pupil changes over time during a near task 
 
Atanu Ghosh1, Michael J Collins1, Scott A Read1, Brett A Davis1, D. Robert Iskander2 
1Contact Lens and Visual Optics Laboratory, School of Optometry, Institute of Health & Biomedical 
Innovation, Queensland University of Technology, Brisbane, QLD  
 
2Institute of Biomedical Engineering and Instrumentation, Wroclaw University of Technology, 
Wroclaw, Poland 
Introduction: Lag of accommodation (focusing error) is thought to be one reason for the 
association between myopia progression and the time spent performing near tasks. However, 
many previous studies of accommodation lag have only assessed accommodation at a single time 
point after a brief period of accommodation for a fixed pupil diameter. But this does not replicate 
the real world performance of a near task that typically involves sustained periods of focus on near 
objects. Therefore, we aimed to investigate changes in accommodation accuracy and pupil 
diameter associated with various levels of accommodation (0.2 D, 2.5 D and 5 D) in downward 
gaze over 10 mins among myopic and non-myopic (emmetropes) subjects. 
Method: Twenty six subjects (12 emmetropes and 14 myopes) with normal ocular health, aged 
from 19 to 30 years participated in the study. All participants performed 3 tasks in a randomized 
order. They either performed a binocular distance task (watching TV at 5 m) in 25° downward gaze 
or a near task (watching a video on ipod screen at either 2.5 D or 5.0 D accommodation demand) 
in 25° downward gaze. Immediately after (0 min), 5 and 10 mins from the commencement of each 
trial, measurements of accommodation accuracy, optical quality and pupil sizes were taken in 
downward gaze using a modified Shack-Hartmann aberrometer. 
Results: Lag of accommodation decreased gradually over the 10 mins of the near tasks for all 
subjects (p<0.05). Pupil diameters also changed significantly with accommodation stimulus 
(p<0.001) and over time (p<0.001). Pair-wise comparison between myopes and emmetropes 
approached significance for the changes in pupil diameter for the 5 D accommodation level at 5 
mins (mean difference 0.76 ± 0.54 mm, p = 0.07) and after 10 mins of the near task (mean 
difference 0.63 ± 0.44 mm, p = 0.12). The mean optical quality of the eye (mean higher order 
aberration RMS) increased (p<0.001) with accommodation level, and was significantly greater (p = 
0.04) in myopes than emmetropes for the 5 D accommodation level. 
Conclusion: This study highlights the dynamic characteristics of the eye’s optics and pupil 
diameter over time during a near task of 10 mins duration.  
‘Real World’ Implications: Given the potential importance of near tasks in myopia progression, 
this study has furthered our understanding of how the optical characteristics of the human eye may 
alter during typical near tasks and their potential role in refractive error development. 
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Abstract 6 
 
 
 
Changes in the eye during near tasks in downward gaze 
Purpose: Most clinical measures are performed with the patient in primary gaze viewing 
far target. However, many everyday tasks such as reading typically involve 
accommodation in downward gaze. We aimed to investigate the effects of gaze angle and 
accommodation on various ocular parameters including: corneal optics, total optics, 
position and thickness of the crystalline lens and axial length of the eye.  
Method: To achieve this we modified a Shack-Hartmann aberrometer, Pentacam 
Scheimpflug camera and Lenstar optical biometer to measure wavefront aberrations, 
corneal topography and ocular biometrics in all cardinal positions with accommodation 
under binocular fixation. Data were collected with a group of normal young adult 
participants. 
Results: In downward gaze the mean refractive power of the eye shifted in the myopic 
direction (0.12 D) and astigmatism shifted in ATR direction. We also observed changes in 
lens position and axial length in different angles of gaze, with significant axial elongation 
in downward gaze (p<0.001) and a significant reduction in axial length in upward gaze 
(p<0.001).  
Conclusion: A range of biomechanical factors such as eyelid pressure, extraocular 
muscle forces and gravitational effects on the lens are likely to explain the changes we 
observed in the eye when we adopt downward gaze angle. 
 
 
 
 
 
 
Appendix 3
311 
 
Abstract 7 
                                                                                   
                                                                                        
 
Changes in axial length in the nine cardinal gaze directions over time in 
emmetropes and myopes   
Atanu Ghosh1, Michael Collins1, Scott Read1, Brett Davis1, Payel Chatterjee1 
(1)Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of 
Technology, Brisbane, Australia. 
Purpose: To investigate the changes in axial length occurring during 15° shifts in gaze 
direction over 5 mins. We also investigated the relative effects of gravity and extraocular 
muscles on axial length changes at 15° and 25° downward gaze over 5 mins. 
Methods: Ten emmetropes (mean -0.44±0.16 D), 10 low myopes (mean -1.73±0.53 D) and 
10 moderate myopes (mean -4.4±1.30 D) aged from 18 to 30 years were recruited. Axial 
length measurements were taken from each subject’s left eye through a rotating prism, along 
the foveal axis, using the Lenstar optical biometer at 0 and 5 mins, in nine cardinal gaze 
directions, with 15° deviation. For all gaze conditions, the subject fixated on an external 
distance target with their optimally corrected fellow eye. Therefore in dichoptic view, an image 
of the external target was visible from the right eye and an image of the Lenstar’s target was 
simultaneously seen from the left (tested) eye. To further study the relative influence of 
gravitational force and extra-ocular muscles on the axial length changes in downward gaze, 
the Lenstar was mounted on a tilting table at15° and 25°. Measurements of axial length were 
again performed over 5 mins with two test conditions, i) looking down with head tilt, and ii) 
looking down without head tilt.   
Results: Repeated measures ANOVA revealed a significant influence of gaze angle and time 
on axial length (p<0.001), with the greatest axial elongation (group mean 17±8 µm) in the 
infero-nasal gaze direction (p<0.001) and a slight decrease in axial length in superior gaze 
(group mean -11±15 µm) compared with primary gaze (p<0.001). Moderate myopes had a 
significantly greater axial elongation compared to low myopes and emmetropes in the infero-
nasal gaze (p<0.001). We also observed a significant axial elongation in 15° and 25° 
downward gaze without head tilt. However, there was no change in axial length in downward 
gaze with head tilt over 5 mins (p>0.05). 
Conclusions: The angle of gaze has a significant short-term effect on eye length, with 
greatest elongation occurring in the inferior nasal direction (such as typically occurs during 
reading). The elongation of the eye appears to be due to the influence of the extra-ocular 
muscles, since the effect was eliminated when head turn was used instead of eye turn.  
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Abstract 8 
 
 
                                       14th Biennial Scientific Meeting, 
                                       8th Educators’ Meeting in Optometry 2012 
 
 
Changes in anterior eye biometrics with shifts in gaze 
Atanu Ghosh1, Michael Collins1, Scott Read1, Brett Davis1 
(1)Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of 
Technology, Brisbane, Australia. 
Purpose: To investigate changes in anterior eye biometrics in the nine cardinal directions of 
gaze, with 15° deviation. 
Methods: Thirty young adults (aged from 18 to 30 years) were recruited. To allow biometry 
measures to be collected along the foveal axis in different directions of gaze, rotating prisms 
were mounted before each eye. In the measured left eye, the prism was in the beam path of 
an optical biometer. For every gaze condition, the subject fixated an external Maltese cross 
target (0 D accommodation) for 5 mins with the fellow right eye. After 0 and 5 minutes from 
the commencement of each trial, measurements of ocular biometrics were taken from the 
subject’s left eye using the biometer. In dichoptic view, the subject focussed on the Maltese 
cross (OD) overlayed with the fixation target of the biometer (OS).  
Results: Anterior chamber depth changed significantly as a function of gaze direction 
(repeated measures ANOVA p=0.01), with the greatest change from primary gaze being a 
shallower ACD in infero-temporal gaze (mean change –21±38 µm at 5 mins). The lens had a 
tendency to become thicker in certain directions of gaze, predominantly in the downward 
directions, compared to primary gaze (mean change +20±30 µm in infero-temporal gaze at 5 
mins, p<0.05). There was no significant change in the central corneal thickness with shifts in 
gaze (p>0.05). 
Conclusion: Changes in anterior chamber depth and lens thickness with shifts in gaze 
highlight the influence of biomechanical factors (i.e. extraocular muscle tension and gravity) 
on anterior eye biometrics 
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Measurement of ocular aberrations in downward 
gaze using a modified clinical aberrometer 
Atanu Ghosh,1,* Michael J Collins,1 Scott A Read,1 Brett A Davis,1 and 
D. Robert Iskander2 
1Contact Lens and Visual Optics Laboratory, School of Optometry, Queensland University of Technology, Brisbane, 
Australia 
2Institute of Biomedical Engineering and Instrumentation, Wroclaw University of Technology, Wroclaw, Poland 
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Abstract: Changes in corneal optics have been measured after downward 
gaze. However, ocular aberrations during downward gaze have not been 
previously measured. A commercial Shack-Hartmann aberrometer (COAS-
HD) was modified by adding a relay lens system and a rotatable beam 
splitter to allow on-axis aberration measurements in primary gaze and 
downward gaze with binocular fixation. Measurements with the modified 
aberrometer (COAS-HD relay system) in primary and downward gaze were 
validated against a conventional aberrometer. In human eyes, there were 
significant changes (p<0.05) in defocus C(2,0), primary astigmatism C(2,2) 
and vertical coma C(3,−1) in downward gaze (25 degrees) compared to 
primary gaze, indicating the potential influence of biomechanical forces on 
the optics of the eye in downward gaze. To demonstrate a further clinical 
application of this modified aberrometer, we measured ocular aberrations 
when wearing a progressive addition lens (PAL) in primary gaze (0 degree), 
15 degrees downward gaze and 25 degrees downward gaze. 
© 2011 Optical Society of America 
OCIS codes: (330.7327) Visual optics, ophthalmic instrumentation; (330.4460) Ophthalmic 
optics and devices; (330.5370) Physiological optics. 
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1. Introduction 
The measurement of ocular aberrations provides important information in both ophthalmic 
research and clinical practice. Over the past few decades, several techniques have been 
developed to measure ocular wavefront aberrations. Early methods involved subjective 
techniques to measure ocular aberrations [1]. Recently, objective methods such as the Shack-
Hartmann wavefront sensor have been introduced as reliable and practical techniques to 
measure ocular aberrations [2]. The principle and measurement technique of this device are 
explained in detail elsewhere [3,4]. The complete ophthalmic analysis system (COAS-HD, 
Wavefront Sciences, USA) is a commercially available aberrometer, based on the Shack-
Hartmann principle that has been validated for the purpose of clinical use with both human 
and model eyes [5]. 
There are a range of different clinical and research applications for the measurement of 
wavefront aberrations including quantifying the optical quality of normal eyes, clinically 
abnormal eyes (e.g. dry eye, keratoconus), determining the optical effect of refractive 
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corrections (e.g. contact lenses, spectacle lenses, refractive surgery) and designing optimized 
refractive corrections [3]. 
Ocular wavefront aberrations measurements are usually captured from one eye in primary 
(horizontal) gaze viewing a far target. However, this does not replicate the natural viewing 
conditions of human eyes for many tasks such as near work or reading that typically involve 
binocular viewing and near focus (accommodation) in downward gaze. A number of studies 
[6–8] have shown that changes in horizontal gaze have no significant influence on the optics 
of the eye compared to primary gaze, however these studies have not investigated changes in 
ocular optics in downward gaze. A range of biomechanical changes may occur when we adopt 
a downward gaze that could result in changes of ocular aberrations. The eyelid aperture has 
been shown to narrow in downward gaze leading to changes in corneal aberrations [9]. 
Cyclotorsion is a rotation of the eye around the visual axis and this can change with vertical 
eye movements [10] and when changing from monocular to binocular viewing [11]. It is also 
conceivable that gravitational forces could alter the shape or alignment of the optical 
components of the eye during downward gaze [12,13]. 
Given that many normal visual tasks are performed binocularly in downward gaze, it is of 
interest to be able to measure ocular aberrations under these natural viewing conditions. To 
achieve this, we have modified a commercially available aberrometer (COAS-HD) with a 
relay lens system and a rotatable beam splitter (hot mirror) to allow measures of aberrations of 
human eyes in both primary and downward gaze and to allow subjects to fixate an open field 
target with both eyes (binocularly) during the wavefront measurements. 
2. Methods 
2.1 Experimental setup 
A commercial Shack-Hartmann aberrometer (COAS-HD) was modified by adding a relay lens 
to allow measurement of ocular aberrations along the visual axis (on-axis) in primary and 
downward gaze under natural binocular viewing conditions. A schematic diagram of this 
optical system is shown in Fig. 1. The first component of this system, a gold coated mirror 
(M1) [95% reflectivity of infrared light ranging from 800 to 1000 nm] was placed in front of 
the wavefront sensor with an angle of 45 degrees to reflect the infrared measurement beam 
(840 nm) from the wavefront sensor. To increase the working distance of the system, a pair of 
achromatic doublet lenses (L1 and L2) with focal lengths of 100 mm were placed after M1 to 
maintain the afocal optical system and relay the emerging wavefront to the next optical 
surface, a wide band hot mirror (M2) [> 85% transmissibility of visible light ranging from 
450 to 645 nm and > 90% reflectivity of infrared light ranging from 750 to 1200 nm]. The 
distance between the centre of L1 and L2 (200 mm) determined the magnification of the 
pupil, which was 1 × in our optical design. These lenses had an anti-reflection coating (for 
wavelengths from 600 to 1050 nm) in order to reduce the risk of energy loss of the wavefront 
sensor’s measurement beam. 
The infrared measurement beam travelling from the wavefront sensor through the relay 
lens system was then redirected towards the subject’s left eye (OS) by a wide band hot mirror 
(M2) placed in front of the subject’s left eye at an angle of 45 degrees. Both mirrors (M1 and 
M2) were placed parallel to each other to avoid inducing any lateral compression of the 
wavefront measured using this modified COAS-HD. However, an accurate subjective 
adjustment of the free space target was necessary to maintain co-axial alignment of the subject 
and COAS-HD. As our aim was to measure wavefront aberrations with binocular fixation of a 
free space target, lens holders were attached behind the hot mirror and outside of the 
measurement beam to allow optimum sphero-cylinder refractive correction of both eyes. 
Along with primary gaze measures, this instrument was also modified to measure 
aberrations in downward gaze. The hot mirror (M2) was mounted on a custom built mirror 
mount (Fig. 1C). This mount was fixed with a vertical rotatable scale in such a way that the 
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geometrical centre of the hot mirror (M2) rotated along the axis of the measurement beam. 
With a downward rotation of the mirror M2, there was a upward rotation of the measurement 
beam reflected from the hot mirror surface (M2). The eye had to rotate in a downward 
direction (similar angle of rotation of M2) to align the visual axis and measurement beam. 
This technique allowed the measurement of on-axis aberrations of the rotated eye in 
downward gaze. 
A chin rest was placed on an XYZ translation stage so that we could align the subject’s 
visual axis and measurement axis and maintain the conjugate focal plane of the optical system 
with the relay system. The eye was visible on the COAS-HD video screen through the 
addition of an infrared LED light source (940 nm) which was mounted near the tested eye. 
This arrangement allowed the use of normal COAS-HD focusing and alignment techniques 
during the measurements. The level of energy of the measurement beam from the original 
COAS-HD and from the COAS-HD relay system were measured by a power meter (Newport, 
model 1815) and the difference was not significant (less than 10 microwatts). 
 
Fig. 1. Schematic diagram (A) and photographs (B and C) of COAS-HD relay system. 
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2.2 Validation 
Nine young adult subjects aged between 25 and 32 years (mean age 28 years) were recruited 
for this study. All subjects were free of any significant ocular diseases and had no history of 
eye surgery. Approval was obtained from the university human research ethics committee 
prior to the commencement of the study. Subjects were treated in accordance with the 
declaration of Helsinki. All subjects had best corrected visual acuity of logMAR 0.00 or better 
in both eyes. Mean ( ± SD) spherical equivalent refraction was −0.85 ± 1.67 DS (range from + 
0.25 to −4.75 DS). None of the subjects had anisometropia greater than 1.00 DS, or 
astigmatism greater than 0.75 DC. Wavefront aberrations of each subject’s left eye were 
measured using the conventional aberrometer and the COAS-HD relay system in primary 
gaze. Subjects were given their full distance refractive error correction (sphero-cylinder) 
during wavefront measurements, taking into account the vertex distance of the trial lenses. All 
measurements were performed through the subjects’ natural pupils. During the measurement 
with the relay system, the subject was asked to look at a distant (5 m) Maltese cross target 
with both eyes. The chin rest position was then adjusted (vertically and horizontally) until the 
centre of the cross target coincided with the centre of the COAS-HD fixation target that was 
visible via the hot mirror surface. Therefore, the centre of the COAS-HD target and the centre 
of the Maltese cross were coaxial with the visual axis of the subject’s tested left eye (OS). 
This alignment ensured that we were measuring the on-axis aberrations of the subject’s left 
eye. The chin rest and COAS-HD (if necessary) were then moved back and forth to focus the 
wavefront sensor on the iris plane, thus maintaining a conjugate focal relationship between the 
subject’s entrance pupil and the optical system of the COAS-HD. Finally, wavefront 
measurements were taken of the subject’s left eye in the unaccommodated condition, fixating 
on the distant (5 m) free space high contrast Maltese cross target. 
We were also interested to measure ocular aberrations in downward gaze. The hot mirror 
(M2) was secured to a custom built mirror mount and a vertical rotating scale, so that the 
geometric centre of the hot mirror (M2) rotated along the axis of the measurement beam. The 
downward rotation of the hot mirror M2, produced an upward rotation of the measurement 
beam. The hot mirror was rotated by 25 degrees so that the subject looked down at this angle 
and to keep alignment between the visual axis, internal target of the aberrometer and centre of 
the external target (Maltese cross), the chinrest was shifted (in upward and inward directions). 
The external Maltese cross target was visible via a mirror. The vertical axis of this mirror was 
rotated to shift the Maltese cross target from primary to downward gaze (Fig. 1). Similar to 
the primary gaze technique, subjects had to align the internal and external targets before 
taking measurements in downward gaze to ensure on-axis measurements were acquired. 
While studies have shown no significant variation in ocular aberrations with horizontal 
gaze [6], we hypothesize that downward gaze might be different due to lid pressure [9,14–16], 
gravitational effects [12,13], or perhaps some differences in the biomechanical force from the 
extraocular muscles. So along with the human eyes, we also measured aberrations from a 
model eye in primary gaze and downward gaze using the relay lens system to verify that the 
changes in aberrations found in human eyes in downward gaze were real effects (i.e., optical 
and physiological changes) rather than representing artefacts induced from the measurement 
technique. Known spherical and cylindrical lenses of three different combinations of powers 
and axes (Lens A = −2.50DS/−3.00 DC × 180; Lens B = −3.5DS/-1.25DC × 130; Lens C =  + 
2.00DS / −3.00DC × 30) were added to the model eye. We placed the model eye on a 
rotational stage which was fixed to the chinrest of the COAS-HD relay system. During the 
downward gaze measurements the model eye was rotated 25 degrees in the downward 
direction to simulate the measurements taken with real eyes. 
#138985 - $15.00 USD Received 1 Dec 2010; revised 25 Jan 2011; accepted 26 Jan 2011; published 1 Feb 2011
(C) 2011 OSA 1 March 2011 / Vol. 2,  No. 3 / BIOMEDICAL OPTICS EXPRESS  456
318
Appendix 4
2.3 Analysis 
As the wavefront aberrations of the eye exhibit temporal microfluctuations [17] we collected 
multiple wavefront measurements (4 × 25 frames) from each subject for primary and 
downward gaze. Each set of 25 measurements takes about 2.5 seconds (i.e., ~10 Hz 
measurement frequency). For both human and model eyes, Zernike polynomials up to the 8th 
radial order were fit to the wavefront measurements by the COAS software using the 
nomenclature recommended by the Optical Society of America (OSA) [18]. We rescaled the 
wavefront data for a fixed 5.0 mm pupil diameter using the method of Schwiegerling [19]. A 
Matlab based algorithm was used to detect artefacts in the Zernike polynomial fit coefficients 
[20]. Sources of these artefacts could include blinking, poor stability of the subject’s head and 
poor tear film quality. The time span of a typical blink for the healthy eye of a subject is about 
250 msec [21]. In this study, short term continuous measurements of wavefront aberrations 
(2.5 secs) reduced the possibility of substantial artefacts in the time course of the Zernike 
polynomial terms. 
The presence of the relay lens system caused the wavefront to be inverted in primary gaze. 
In downward gaze, there was an additional rotation of the wavefront because of the hot mirror 
rotation. Therefore, we rotated the wavefront [22] to its original position using custom written 
software (Matlab based) and then compared this with the data obtained from original COAS-
HD system. 
For human eyes, in order to correct any cyclotorsion in downward gaze, the iris images 
from the wavefront sensor in primary and downward gaze were analysed for each subject. 
Initially, to determine correspondence of the images, a set of uniquely identifiable control 
points (iris landmarks), were manually selected from each image by the operator. We denote 
the coordinates in the primary gaze as (x, y) and in the downward gaze image as (X, Y). Three 
sets of control points were selected from the two images, followed by a similarity image 
transformation: 
 
( cos sin )
( sin cos )
X s x y
Y s x y
θ θ
θ θ
= −
= +
  (1) 
where s, θ, are scaling and rotational differences between the images, respectively. The final 
values of scaling and rotation were obtained as the mean values of all three points. An 
overview of the rotation of the human eye’s wavefronts obtained from the COAS-HD relay 
system in primary and in downward gaze is shown in Fig. 2. 
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 Fig. 2. Flow chart of wavefront rotation technique to compensate for an inverted image through 
the COAS-HD relay system, eye rotation due to hot mirror tilt and a unique cyclotorsion of the 
eye associated with downward gaze. 
3. Results 
3.1 Primary gaze 
The orthogonal refractive power vector components (M, J0 and J45) were determined from 
the refractive Zernike power polynomials [23]. For human eyes, the mean differences between 
the measurements of refractive components obtained from the conventional aberrometer and 
from the COAS-HD relay system in primary gaze were small: spherical equivalent (M) −0.09 
± 0.17 D, horizontal / vertical astigmatism (J0) −0.02 ± 0.05 D and oblique astigmatism (J45) 
−0.03 ± 0.03 D. Figure 3 shows the results of correlation of data obtained with the 
conventional aberrometer and the COAS-HD relay system in terms of refractive components 
(M, J0 and J45) from the 9 eyes. 
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 Fig. 3. Correlations between the refractive components obtained from the conventional 
aberrometer and from the COAS-HD relay system in primary gaze. Solid black lines represent 
the linear regression and dashed red lines represent the 95% confidence bounds. 
The mean differences of the major higher order coefficients between the measurements 
obtained from the conventional aberrometer and the COAS-HD relay system were also small: 
vertical trefoil C(3,−3) 0.020 ± 0.034 µm (R2 = 0.919, p = 0.004), horizontal trefoil C(3,3) 
0.014 ± 0.020 µm ((R2 = 0.978, p < 0.001), vertical coma C(3,−1) −0.014 ± 0.031 µm (R2 = 
0.980, p < 0.001) horizontal coma C(3,1) −0.020 ± 0.035 µm (R2 = 0.924, p = 0.003) and 
primary spherical aberration C(4,0) −0.013 ± 0.027 µm (R2 = 0.944, p < 0.001). 
We also examined the test-retest repeatability of the measurements with the relay system 
by taking 6 independent measures (10 frames per measure) on the same three subjects in 
primary gaze after deliberately misaligning and realigning the instrument between each 
measure. We found small mean differences and strong correlations between the two sets of 
measurements. As examples, the mean differences of defocus C(2,0), spherical aberration 
C(4,0) and total higher order RMS between the two sets of measurements were −0.014 µm (R2 
= 0.999), −0.004 µm (R2 = 0.892) and −0.002 µm (R2 = 0.947), respectively. 
3.2 Downward gaze 
3.2.1 Model eye 
As we were interested to measure aberrations in downward gaze, it was important to ensure 
that rotation of the hot mirror during downward gaze measurement did not lead to any 
potential error in lower or higher order wavefront terms. Therefore, we calculated Pearson’s 
correlation of second order and major higher order coefficients between the measurements 
obtained from the COAS-HD relay system in primary and downward gaze for the model eye 
(Table 1). 
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Strong correlations were found between the measurements obtained through the relay 
system in primary and downward gaze indicating that the hot mirror rotation did not introduce 
any unwanted astigmatism or coma (Table 1). As we maintained the distance between the hot 
mirror and the corneal apex, there were no significant changes in defocus between the primary 
and downward gaze measurements. 
Table 1. Mean differences (MD), standard deviation (SD) and Pearson’s correlation (R2) 
of major refractive components of the model eye between primary and downward gaze 
(25 degrees) obtained through COAS-HD relay system 
Coefficients Mean differences (µm) SD (µm) R2 
Oblique astigmatism C(2,−2) −0.013 0.009 1.000 
Defocus C(2,0) −0.003 0.002 0.997 
WTR/ATR astigmatism C(2,2) 0.028 0.020 0.996 
Vertical coma C(3,−1) 0.004 0.003 0.787 
Horizontal coma C(3,1) −0.001 0.001 0.839 
Spherical aberration C(4,0) <0.000 <0.000 0.996 
3.2.2 Human eyes 
Analysis of ocular wavefronts revealed that three wavefront coefficients were significantly 
different from primary gaze to downward gaze (Fig. 4). Of the lower order aberrations, 
defocus C(2,0) was shifted in the myopic direction (mean difference ± SD 0.150 ± 0.199 µm, 
paired t-test p = 0.04) and primary astigmatism C(2,2) was shifted in the direction of against-
the-rule (ATR) astigmatism (mean difference ± SD −0.088 ± 0.101 µm, paired t-test p = 
0.030). Changes in higher order aberrations (HOAs) were smaller compared to the changes in 
lower order aberrations. Of the HOAs, a statistically significant change was observed only in 
vertical coma C(3,−1) (mean difference ± SD 0.0181 ± 0.020 µm, paired t-test p = 0.028) in 
downward gaze compared to primary gaze. 
 
Fig. 4. Group mean ± SD (n = 9) changes of ocular aberrations in downward gaze (25 degrees) 
compared to primary gaze for 5.0 mm fixed pupil diameter. * = Paired t-test (<0.05). 
4. Clinical application of COAS-HD relay system 
To illustrate the potential application of the COAS-HD relay system, the optical properties of 
an ophthalmic correction were tested by measuring wavefront aberrations of a human eye 
using a commercially available progressive addition lens (PAL) [soft design] with distance 
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power plano ( ± 0.00 D) and near addition + 2.00 DS in primary gaze (corresponding to the 
distance zone of the PAL), in 15 degrees downward gaze (corresponding to the intermediate 
zone of the PAL) and in 25 degrees downward gaze (corresponding to the near or reading 
zone of the PAL). 
Progressive addition lenses are designed for presbyopic subjects (who have age related 
reduction in their amplitude of accommodation) to provide adequate vision for all distances 
with a gradual increment of positive power from the distance zone (above centre) of the lens 
to the near zone (towards the bottom). The wavefront aberrations of the bare eye (eye only) in 
primary gaze and downward gaze with two different viewing angles (15 degrees and  
25 degrees) were initially measured as baseline (control) measurements with a natural pupil 
diameter using the COAS-HD relay system. The wavefront aberrations of the same PAL 
wearing eye in primary, intermediate (15 degrees) and downward gaze (25 degrees) were then 
also measured. The aberrations of the isolated PAL were derived in Eq. (2). 
 ( , ) ( , ) ( , )Lensonly Lensoneye BareeyeW W Wρ θ ρ θ ρ θ∆ = −   (2) 
Wavefront maps representing the higher order aberration distributions (in microns) of 
different optical zones (distance, intermediate and near) of ‘lens only’ (PAL) across a 5.0 mm 
pupil diameter are illustrated in Fig. 5. Total higher order RMS (HORMS) for each condition 
was also calculated to compare the optical image quality during distance, intermediate and 
near viewing with the PAL. The magnitude of total HORMS increased in the intermediate 
zone (0.192 µm) and in the near zone of the lens (0.154 µm) to be considerably more than the 
magnitude through the distance zone (0.083 µm) (Fig. 5). Comparing the distance zone and 
intermediate zone of the PAL, the largest changes occurred in vertical trefoil C(3,−3) [mean 
difference −0.142 µm] followed by vertical coma C(3,−1) [mean difference −0.088 µm]. In 
the near zone the greatest changes occurred in vertical coma C(3,−1) [mean difference  
−0.105 µm] followed by vertical trefoil C(3,−3) [mean difference −0.091 µm] compared to the 
distance zone. 
To provide an illustration of the changes in retinal image quality through the different 
optical zones of the tested PAL, the measured higher order aberrations were used to calculate 
the point spread function (PSF) and Visual Strehl ratio based on optical transfer function 
(VSOTF) for a fixed 5.0 mm pupil (Fig. 5). Presently, the VSOTF is considered to be one of 
the best image quality metrics which is highly correlated with subjective visual acuity [24]. 
The numerical calculation of VSOTF is discussed in [25]. Small reductions in image quality 
are evident in the intermediate and near zones compared to the distance zone with the PAL 
(Fig. 5). 
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 Fig. 5. Higher order wavefront maps and retinal image quality [point spread functions and three 
dimensional modulation transfer functions (MTFs)] at different optical zones of a progressive 
addition lens (lens only) across 5.0 mm fixed pupil diameter. Average VSOTF is shown at the 
top of each plot. 
5. Discussion 
We have developed a new technique to measure wavefront aberrations with open field 
binocular fixation, in both primary and downward gaze, by modifying a commercially 
available Shack-Hartmann wavefront sensor (COAS-HD) with a relay lens system. The lower 
and higher order aberrations from human eyes and a model eye measured with the COAS-HD 
relay system were comparable with those measured with the conventional COAS-HD 
aberrometer. We found that the COAS-HD relay system could reliably and repeatably 
measure defocus, astigmatism and higher order aberrations both in primary and downward 
gaze. 
To better understand the optical characteristics of the human eye during reading it is 
necessary to measure ocular aberrations of the eye in downward gaze. In this study, we found 
small but statistically significant changes in lower order and higher order aberrations of the 
eye in downward gaze compared to primary gaze. In agreement with a previous study of 
ocular aberrations after reading [9] we also observed changes of defocus [C(2,0)], primary 
astigmatism [C(2,2)] and vertical coma [C(3,−1)] during downward gaze. 
We have also demonstrated the potential application of measuring ocular aberrations in 
downward gaze with spectacle corrections such as PALs. Similar to previous studies [26,27], 
the results of our study also suggest that PALs introduce higher order aberrations, in particular 
coma and trefoil in the intermediate and near zones (Fig. 5). Optical bench methods [28–30] 
or mathematical models [31–35] can measure or estimate the optical quality of PALs in 
isolation from the optics of the eye. However the interaction between the optics of the human 
eye and the ophthalmic corrective lenses will produce unique aberration profiles. 
Measurements through the COAS-HD relay system may also be useful to determine the 
optical performance of contact lenses in downward gaze. During downward gaze, a contact 
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lens might be slightly decentred from its original position by biomechanical forces or gravity. 
Mcllraith et al [36] examined the stability of soft toric contact lenses in different viewing 
gazes and found an infero-nasal rotation of contact lenses in downward gaze. Translating soft 
and rigid bifocal contact lenses are designed so that a near vision lens segment shifts across 
the pupil in downward gaze. The COAS-HD relay system would also potentially be useful in 
assessing the on-eye optical performance of these translating lenses in primary and downward 
gaze. Another potential clinical application of the COAS-HD relay system is the assessment 
of the optical performance of accommodating intra-ocular lenses (IOLs) during a near task in 
downward gaze. 
6. Conclusion 
We have modified a commercially available Shack-Hartmann wavefront sensor to allow 
measurement of wavefront aberrations in downward gaze under natural viewing conditions. 
We have validated the measurements of this modified wavefront sensor against a conventional 
wavefront sensor. We found small but statistically significant changes in lower and higher 
order aberrations of the human eye in downward gaze compared to primary gaze. 
Additionally, a clinical example with a progressive addition lens has been presented to 
illustrate the potential application of measuring the combined effects of ocular and ophthalmic 
correction aberrations in downward gaze. Future studies extending this work will provide 
insight into the performance of ophthalmic corrective lenses in situ and the optical properties 
of the human eye in downward gaze under natural viewing conditions. 
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